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1. Les forêts face aux changements climatiques 
Les écosystèmes forestiers recouvrent environ 31% des surfaces émergées (Lindquist et 
al. 2012), et 30% du territoire français (Inventaire Forestier National (IFN) 2010). Les forêts 
présentent de nombreux intérêts, par exemple économiques via la production de bois 
(charpente, menuiserie…) et de produits dérivés (papiers, granules…). Leur rôle dans la 
séquestration de carbone atmosphérique leur confère en particulier une importance majeure 
dans la mitigation des changements globaux, notamment du réchauffement climatique. Dans 
le cas des forêts tempérées, les changements globaux, via entre autres une augmentation de la 
température, de la concentration en CO2 atmosphérique et d’une fertilisation azotée, ont (au 
moins à moyen terme) un impact positif sur la croissance des arbres, notamment grâce à un 
allongement de la saison de végétation (Lindner et al. 2010). 
Dans les prochaines décennies, les changements climatiques vont en revanche engendrer 
des modifications des aires de répartition des espèces de l’ordre de dizaines, voire de 
centaines de kilomètres vers les pôles (Intergovernmental Panel on Climate Change 2014). 
Grâce à une approche multi-modèles, Cheaib et al. (2012) montrent qu’une forte contraction 
des aires de répartition est à attendre en plaine pour plusieurs espèces d’arbres majeures des 
forêts européennes (dont le hêtre). Ces modifications pourraient avoir d’importants impacts 
écologiques, économiques et sociaux, particulièrement dans les cas où elles 
s’accompagneraient d’une forte augmentation de la mortalité des arbres (Lindner et al. 2010). 
Dans le cas des forêts tempérées, en parallèle de l’allongement de la saison de végétation, il 
est en effet prévu une augmentation de la fréquence et de l’intensité des événements extrêmes, 
comme par exemple des sécheresses (Intergovernmental Panel on Climate Change 2014). 
L’impact négatif de cette augmentation des stress ponctuels pourrait surpasser l’impact positif 
de l’allongement de la saison de végétation, notamment dans les zones où les conditions 
hydriques sont déjà limitantes (Lindner et al. 2010). Les populations d’arbres poussant dans 
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des conditions défavorables ont en effet une vulnérabilité accrue à ces stress ponctuels (Bréda 
and Badeau 2008), ce qui peut se traduire localement par des phénomènes de dépérissement 
et/ou de mortalité. Des dépérissements forestiers sont signalés dans tous les biomes forestiers 
du monde (Allen et al. 2010). Le nombre de cas de dépérissements forestiers rapportés dans la 
littérature à fortement augmenté durant la dernière décennie, sans qu’il soit pour l’instant 
possible de dire si cette augmentation reflète une réalité de terrain, ou si elle reflète 
simplement un plus grand intérêt de la communauté scientifique pour le sujet (Allen et al. 
2010). Quoi qu’il en soit, de tels événements entraînent pour les exploitants une perte 
financière importante (soit car les arbres sont trop jeunes pour être exploités, soit par perte de 
la qualité du bois suite aux dommages subis) (Mormiche 1994). Les espèces concernées par le 
dépérissement sont parfois des essences à forte valeur économique (par exemple des chênes 
ou des hêtres en milieu tempéré). Une baisse de qualité du bois contribue par conséquent à 
accroître les inquiétudes engendrées par ces événements. 
 
2. Les dépérissements forestiers 
2.1. Définition 
Le terme de dépérissement peut s’utiliser soit à l’échelle de la population d’arbres 
(massif forestier, parcelle…), soit à l’échelle individuelle. A l’échelle d’une population, un 
dépérissement est défini comme une perte de vigueur constatée sur de nombreux arbres vivant 
dans des conditions communes (Mueller-Dombois 1988). A l’échelle individuelle, le 
dépérissement s’exprime visuellement par un ensemble de symptômes, principalement 
visibles au niveau du houppier (augmentation de la transparence, Figure I.1), mais également 
au niveau du tronc (suintements, lésions en bande, champignons sur les blessures) et des 
racines (présence d’un mycélium sous-cortical et de rhizomorphes) (Nageleisen 1994). Il est 
important de noter que ces symptômes peuvent être réversibles, le dépérissements ne se 
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soldant pas nécessairement par la mort de l’arbre (Landmann 1994). Les symptômes de 
dépérissement peuvent dans certains cas évoquer ceux d’une sénescence naturelle. La 
distinction entre un dépérissement et un phénomène normal de sénescence se fait alors sur 
l’âge auquel se déclarent les symptômes : on parlera de dépérissement s’ils interviennent de 
façon prématurée dans la vie de l’arbre. 
 
 
En France, l’estimation de ces symptômes est normalisée par l’utilisation du protocole 
DEPEFEU, mis au point par le Département de Santé Forêt. Ce protocole permet l’évaluation 
de l’état de houppiers de feuillus et de conifères sur plusieurs critères. Les principaux sont la 
transparence du houppier, la mortalité d’organes pérennes (branches) et la répartition de la 
masse foliaire. Une note, de 0 (arbre sain) à 4 (arbre mort ou moribond) est alors attribuée à 
l’arbre (Nageleisen and Goudet 2011). Cette évaluation, en association avec le suivi 
 
Figure I.1 Houppiers d'un hêtre sain (a) et d'un hêtre dépérissant (b), en forêt domaniale de 
Fontainebleau. Source: photos personnelles. 
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systématique des forêts effectué par l’IFN (Inventaire Forestier National), permet d’obtenir 
des données sur le dépérissement des principales espèces forestières à l’échelle de la France. 
Par exemple, la majorité des dépérissements de hêtres actuels sont signalés dans le nord-est de 
la France (Nageleisen and Reuter 2007). 
Les phénomènes de dépérissement, correspondant à des détériorations de houppier sur 
plusieurs années, sont à distinguer des phénomènes de mortalité, d’évolution plus rapide (un 
an ou deux). Dans la suite de ce travail, les termes dépérissement et mortalité désigneront 
donc des réalités différentes. 
 
2.2. Un bref historique 
Les premiers dépérissements forestiers répertoriés sont datés du début du XX
ème
 siècle. 
Ils se sont amplifiés au cours de la seconde moitié du XX
ème
 siècle, entrainant un fort intérêt 
pour le sujet (Landmann 1994). A partir des années 1970, d’importants dépérissements sont 
observés notamment en Allemagne, sur le sapin pectiné (Abies alba Mill.). Le premier cas de 
dépérissement en France est décrit en 1982, sur une forêt de sapins pectinés, dans les Vosges 
(Lévy and Becker 1987). Au début des années 1980, le dépérissement s’étend aux espèces 
feuillues (hêtre et chênes) (Krause et al. 1986). Cette vague de dépérissement se ralentit, puis 
se résout vers le milieu des années 1980 (Vennetier 2012). A partir du milieu des années 
1990, une nouvelle vague de dépérissements commence à être observée (Nageleisen and 
Reuter 2007). Ainsi, dans le massif de Fontainebleau, des dépérissements de chênes 
pédonculés et de hêtres sont notés à partir de la fin des années 1990 (Gilles Defour, 
communication personnelle). 
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2.3. Causes externes 
Dans son usage courant, le terme « dépérissement » désigne des problèmes de santé des 
arbres dont la cause est inconnue, ou qui sont causés par plusieurs facteurs (Krause et al. 
1986; Sinclair and Hudler 1988). Quand ils sont identifiés, les facteurs liés aux 
dépérissements peuvent être classés en trois catégories : des facteurs prédisposants, des 
facteurs déclenchants, et des facteurs aggravants (Manion 1981; Sinclair and Hudler 1988). 
Manion (1981) représente ces facteurs sous la forme d’une spirale (Figure I.2), dans laquelle un 
même facteur (par exemple la sécheresse) peut appartenir à plusieurs catégories (prédisposant, 
déclenchant ou aggravant) selon sa durée et son intensité. 
 
Figure I.2 La spirale du dépérissement, illustrant les interactions entre facteurs prédisposants, 
déclenchants et aggravants. Illustration tirée de Manion (1981). 
I. Introduction 
13 
 
Lors de la vague de dépérissement des années 1980, en Europe et en Amérique du Nord, les 
pluies et dépôts acides ont été pointés comme une des causes majeures du dépérissement 
(Tomlinson 1983; Godbold et al. 1988). Les dépôts acides perturbent notamment l’équilibre 
chimique des sols, conduisant à un déficit en ions facilement échangeables (Mg2+, Ca2+, K+) et à 
une surcharge de la solution du sol en ions Al3+, toxiques pour les plantes (Godbold et al. 1988). Il 
a en revanche été rapidement démontré que la pollution atmosphérique n’était pas l’unique cause 
des dépérissements (Johnson and Siccama 1983). En particulier, le rôle de sécheresses chroniques, 
ou d’événements ponctuels de sécheresses extrêmes dans le déclenchement des dépérissements 
forestiers a été mis en évidence (Johnson and Siccama 1983; Becker and Levy 1988). 
En ce qui concerne la vague de dépérissement actuelle, il semble probable que les 
changements climatiques aient un rôle, via une augmentation de la fréquence et de l’intensité des 
événements extrêmes (vagues de sécheresse ou de canicule par exemple) et/ou en modifiant les 
aires de répartition et les dynamiques démographiques de certains ravageurs (Allen et al. 2010). 
 
2.4.Cas d’un dépérissement de hêtres à Fontainebleau 
2.4.1. La forêt domaniale de Fontainebleau 
La forêt domaniale de Fontainebleau est une forêt tempérée, située à 60 km au Sud-est de 
Paris (48°25 N, 2°40 E, 120 m d’altitude). Elle s’étend sur 17000 ha divisés en 748 parcelles 
d’une surface moyenne de 22 ha. Le climat de la région est de type océanique. Pour la période 
1960-2010, la température moyenne annuelle est de 10,6°C, et le cumul annuel moyen de 
précipitations est de 750 mm en moyenne, bien réparti au cours de l’année. La géologie du 
site est complexe, avec une couche de sables de Fontainebleau, avec des grès et parfois une 
couche de calcaire stampien (souvent érodée), auxquelles est superposée une couche de sables 
éoliens plus ou moins mélangés à des limons des plateaux. De cette géologie complexe 
résultent de très grandes diversité et variabilité spatiales des sols. 
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La forêt est gérée par l’Office National des Forêts (ONF). Les principales espèce du 
peuplement sont le Chêne sessile (Quercus petraea (Matt.) Liebl.), le Chêne pédonculé 
(Quercus robur L.), le Hêtre (Fagus sylvatica L.) et le Pin sylvestre (Pinus sylvestris L.). 
 
2.4.2. Le hêtre (Fagus sylvatica L.) 
Le hêtre (Fagus sylvatica L.) est une espèce très fréquente dans les forêts françaises : les 
hêtraies recouvrent environ 9% de la surface des forêts de production. Il s’agit du deuxième 
peuplement forestier en surface en France (après les chênaies) (Inventaire Forestier National 
(IFN) 2010). Le hêtre nécessite pour se développer une forte hygrométrie de l’air et une 
pluviométrie supérieure à 600 mm par an, bien répartie dans l’année. Il tolère de nombreux 
types de sols, à l’exception des sols très acides ou hydromorphes (Bastien 2000). Le hêtre est 
une essence d’ombre en milieu mésophile à sec, mais peut se comporter comme une essence 
de lumière en milieu humide (Teissier du Cros et al. 1981). En l’absence d’action de 
sylviculture visant à limiter son expansion, le hêtre a tendance à former des futaies denses, 
quasiment monospécifiques. Le couvert de ces peuplements est alors très dense, et 
l’éclairement relatif au sol est très faible (environ 4%) (Bastien 2000). Le hêtre présente la 
particularité de former deux types de rameaux au cours de la saison de végétation : des 
rameaux d’exploration (longs, avec des bourgeons latéraux bien développés) et des rameaux 
d’exploitation (courts, souvent sans bourgeons latéraux). Les rameaux d’exploitation, malgré 
leur petite taille, portent la majorité des feuilles de l’arbre. Ces deux types de rameau reflètent 
deux stratégies d’occupation du milieu au sein d’un même arbre (Teissier du Cros et al. 1981). 
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En France, le hêtre est présent en plaine dans la moitié nord et en montagne dans la 
moitié sud, jusqu’à 1700 m. d’altitude. Des approches de modélisation ont montré qu’au cours 
des décennies à venir, son aire de répartition risque de se contracter vers le nord (Badeau 
2007; Cheaib et al. 2012). Ainsi, en 2055, le hêtre en forêt de Fontainebleau devrait se 
retrouver en limite de son aire de répartition (Figure I.3, Badeau 2007; Cheaib et al. 2012). 
Depuis la fin des années 1990, certaines parcelles de hêtre en forêt de Fontainebleau montrent 
des signes de dépérissements (Defour, ONF, communication personnelle). Les parcelles les 
plus affectées sont celles qui poussent sur les sols les moins profonds, ce qui est associé à une 
réserve utile maximale plus faible (Silva 2010). 
 
 
 Présent actuellement, présent en 2055 
 Absent actuellement, absent en 2055 
 Présent actuellement, absent en 2055 
 Absent actuellement, présent en 2055 
 
Figure I.3 Aire de répartition du hêtre en 2055 en comparaison avec l’actuelle, telles que prédites par le 
modèle CASTANEA (Dufrêne et al. 2005). Les projections climatiques sont basées sur le scénario A1B 
SRES d’émissions de CO2 de l’IPCC, en utilisant le modèle ARPEGE AGCM de Météo France (Déqué 
2007). La position approximative du massif de Fontainebleau est indiquée par un point noir. 
D’après Cheaib et al. (2012). 
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2.4.3. Caractéristiques et intérêt de la parcelle étudiée 
La parcelle d’étude (n° 639) est un peuplement monospécifique de hêtres matures. L’âge 
moyen est de 95 ans et la hauteur dominante de 27 m. Le sol présente une forte variabilité 
spatiale, allant d’un sol brun lessivé à un podzol selon les zones. La texture est sableuse, avec 
une proportion variable de limons et d’argile en fonction de la profondeur. Le ratio C/N est de 
18.7/1, et la réserve utile est faible (101 mm). Le site fait partie des premières parcelles à 
avoir présenté des symptômes de dépérissement, à la fin des années 1990. 
Une étude dendrochronologique sur des arbres sains et dépérissants de cette parcelle a 
révélé une diminution de la croissance radiale des arbres dépérissants à très long terme 
(Figure I.4, Silva 2010, Michelot 2011). Jusqu’en 1959, les arbres sains et dépérissants ont 
une croissance radiale similaire. Cependant, dès l’année 1959 (année de sécheresse), les 
dépérissants présentent une croissance radiale significativement plus faible que celle des sains 
en l’absence de tout symptôme au niveau du houppier. Les premiers symptômes visuels du 
dépérissement n’apparaitront qu’une trentaine d’années plus tard, suite à la sécheresse de 
l’année 1996. Il est à noter qu’aucune attaque notable d’insectes ou de pathogènes n’a été 
signalée entre 1959 et aujourd’hui (Defour, ONF, communication personnelle). 
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Le site d’étude présente donc un dépérissement à long terme. Les deux moments-clefs 
dans l’histoire de ce dépérissement -le début de la diminution de croissance, et le 
déclenchement des symptômes visuels- correspondent par ailleurs à des événements de 
sécheresse. Il semble donc que des sécheresses répétées fassent partie dans notre cas des 
facteurs déclenchants (sensu Manion 1981). De plus, des conditions édaphiques défavorables 
(faible réserve utile) ont été associées aux dépérissements de hêtres à Fontainebleau (Silva 
2010). Le dépérissement observé est donc probablement un arrière effet à long terme de stress 
hydriques répétés aggravés par une faible disponibilité en eau du sol. Ce site est de ce fait 
particulièrement adapté pour étudier les mécanismes fonctionnels sous-jacents à un 
dépérissement forestier se déroulant sur le long terme. 
 
 
Figure I.4 Largeurs de cernes de hêtres sains et dépérissants poussant en forêt de Fontainebleau (France), 
de 1930 à 2010. Les barres d’erreur sont des erreurs standard. D’après Michelot (2011) et Silva (2010). 
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3. Mécanismes fonctionnels sous-jacents 
Du fait du rôle du changement climatique dans la vague actuelle de dépérissement, les 
mécanismes fonctionnels sous-jacents aux événements de dépérissement et de mortalité sont 
principalement étudiés dans des contextes de sécheresses extrêmes et/ou chroniques dans la 
littérature récente. Les hypothèses avancées dans ce cadre sont néanmoins pertinentes pour 
appréhender la réponse de plantes à des stress de manière plus générale, comme l’illustrent 
quelques études sur l’effet de défoliations (Wiley et al. 2013; Saffell et al. 2014; Jacquet et al. 
2014). La suite du propos sera consacrée principalement aux réponses fonctionnelles des 
arbres lors de sécheresses, expérimentales ou naturelles, suivies ou non d’une dégradation de 
l’état des houppiers ou de la mort des arbres. 
Deux grandes hypothèses de dysfonctionnement d’un arbre au cours d’une sécheresse 
engendrant un dépérissement ou une mortalité ont été formulées : une défaillance hydraulique 
(Martı́nez-Vilalta et al. 2002; McDowell et al. 2008) et une déficience en réserves carbonées 
(Waring 1987; McDowell et al. 2008). Ces deux hypothèses ne sont pas mutuellement 
exclusives. Elles n’ont pas non plus prétention à être exhaustives : d’autres hypothèses de 
dysfonctionnement, par exemple impliquant des problèmes de nutrition minérale (azote, 
calcium, magnésium…), peuvent être avancées (Becker and Levy 1988; Godbold et al. 1988). 
 
3.1. Hypothèse hydraulique 
Dans le xylème, l’eau liquide circule sous tension, dans un état métastable (Dixon and 
Joly 1984; Tyree and Sperry 1989). Lors d’une sécheresse, la tension de la colonne d’eau dans 
le xylème augmente. Si la tension de la colonne d’eau dans le xylème devient trop importante, 
il se produit un phénomène de cavitation : l’eau passe de l’état liquide à l’état de vapeur 
(Cruiziat et al. 2002). La présence d’embolie réduit la capacité du xylème à transporter l’eau 
des racines vers les feuilles. Si une trop grande proportion de vaisseaux de xylème est 
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embolisée, l’arbre peut se trouver dans l’impossibilité de répondre à la demande transpiratoire 
du houppier, qui risque alors de se dessécher (McDowell et al. 2008). Les arbres peuvent 
mettre en place des stratégies pour limiter la formation d’embolie lors d’une sécheresse, 
notamment en régulant la demande transpiratoire (Bréda et al. 2006). On peut citer comme 
mécanismes de régulation la fermeture des stomates (Sperry 2000), ainsi que la chute d’une 
partie du feuillage en vue de diminuer la surface transpirante (Bréda et al. 2006). La 
défaillance du système de transport d’eau est donc un des mécanismes potentiels pouvant 
mener à la mort d’un arbre en conditions de sécheresse (McDowell et al. 2008). Plusieurs 
éléments dans la littérature suggèrent qu’un dysfonctionnement du système hydraulique 
pourrait avoir un rôle dans la mort des arbres. 
Premièrement, la vulnérabilité du xylème d’une espèce à la cavitation est liée au climat 
et/ou aux conditions édaphiques dans son aire de répartition géographique (Kavanagh et al. 
1999; Brodribb and Hill 1999; Pockman and Sperry 2000; Tissier et al. 2004; Poot and 
Veneklaas 2012; Choat et al. 2012). De plus, à l’échelle mondiale, la vulnérabilité à la 
cavitation est liée à la quantité de précipitations annuelles chez les gymnospermes et les 
angiospermes sempervirentes (Maherali et al. 2004). Ces données suggèrent qu’à l’échelle 
interspécifique, la résistance à la cavitation pourrait être un facteur clef pour comprendre les 
divers degrés de tolérance des espèces aux sécheresses. En revanche, à l’échelle 
intraspécifique, Wortemann et al. (2011) ne trouvent pas d’association entre quantité de 
précipitations annuelles et résistance à la cavitation chez le hêtre. 
Un deuxième élément en faveur de l’implication de facteurs hydrauliques dans les 
événements de mortalités liés aux sécheresses est le lien observé entre la résistance du xylème 
à la cavitation et le taux de survie lors de sécheresses. Cette relation a été montrée aussi bien 
sur de jeunes plants (Pratt et al. 2008; Brodribb et al. 2010) que sur des arbres adultes 
(Cochard et al. 2008; Urli et al. 2013; Nardini et al. 2013). Elle semble valable aussi bien 
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entre des espèces phylogénétiquement éloignées (Urli et al. 2013; Nardini et al. 2013) qu’au 
sein d’une même famille (Pratt et al. 2008), ou d’un même genre (Van der Willigen and 
Pammenter 1998; Cochard et al. 2008; Brodribb et al. 2010).  
De manière plus directe, un lien a été montré entre des fortes tensions et/ou de forts taux 
d’embolie dans le xylème et la mortalité à l’échelle de l’organe ou de l’individu entier. Ainsi, 
chez un peuplier nord-américain, les potentiels hydriques minimum des branches d’arbres 
soumis à une sécheresse expérimentale sont plus faibles, et les pertes de conductivité 
hydraulique plus fortes que ceux des arbres non stressés (Anderegg et al. 2012). Dans la 
même étude, mais cette fois sur des arbres matures soumis à une sécheresse naturelle, de plus 
fortes pertes de conductivité hydraulique sont mesurées chez les arbres dépérissants que chez 
les arbres sains (Anderegg et al. 2012). Dans une autre étude sur six espèces d’angiospermes 
matures en conditions de sécheresse extrême naturelle, Nardini et al. (2013) observent 
également que les arbres qui présentent de forts pourcentages de branches desséchées suite à 
une sécheresse exceptionnelle souffrent de plus grandes pertes de conductivité hydraulique 
dans les jeunes rameaux que les arbres non atteints. Enfin, sur de jeunes arbres soumis à des 
conditions expérimentales de sécheresse extrême, la mort de l’arbre a lieu lorsqu’un certain 
niveau de perte de conductivité hydraulique (autours de 90% chez les angiospermes) est 
atteint (Urli et al. 2013; Barigah et al. 2013). 
Tous ces éléments plaident en faveur de l’implication de facteurs hydrauliques dans les 
phénomènes de dépérissements et de mortalité. Chez certaines espèces ayant une forte 
vulnérabilité à la cavitation, comme les peupliers (Hacke and Sauter 1995; Urli et al. 2013; 
Barigah et al. 2013), les dysfonctionnements du système hydraulique semblent même jouer un 
rôle majeur dans les événements de moralité liés des conditions de sécheresse (Zeppel et al. 
2011; Anderegg et al. 2012). Toutes les études citées concernent en revanche des sécheresses 
à relativement court terme (pas plus de deux ou trois ans). De plus, la grande majorité des 
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travaux effectués concernent des sécheresses extrêmes. Les mécanismes liés aux 
dépérissements et à la mortalité en cas de sécheresse légère à modérée, mais chronique restent 
donc à éclaircir. 
 
3.2.Hypothèse de limitation par le carbone 
La régulation de la transpiration du houppier s’accompagne d’une diminution de 
l’assimilation photosynthétique de carbone (Weber and Gates 1990). Cela peut conduire 
l’arbre à utiliser ses réserves carbonées afin de subvenir à la demande métabolique (Bréda et 
al. 2006). En cas de sécheresse prolongée, l’arbre pourrait être amené à utiliser ses réserves 
carbonées jusqu’à leur épuisement (McDowell et al. 2008), ou jusqu’à ce que l’arbre soit dans 
l’impossibilité de les remobiliser (Sala et al. 2010). En climat tempéré, la gestion des réserves 
carbonées par l’arbre prend une importance particulière en hiver pour les espèces décidues. 
En effet, durant la période hivernale, les réserves sont la seule source de substrats carbonés 
disponible pour assurer l’entretien des tissus existants (Chapin et al. 1990). Comme pour 
l’hypothèse hydraulique, plusieurs éléments dans la littérature soutiennent l’hypothèse d’une 
implication de mécanismes liés à une perturbation du bilan de carbone de l’arbre dans les 
phénomènes de dépérissement ou de mortalité. 
L’étude des flux de carbone et leur réponse à des sécheresses accompagnées ou non 
d’une augmentation artificielle de température permet d’aborder la question du rôle du bilan 
de carbone dans les événements de dépérissements et de mortalité. Ainsi, chez Pinus edulis, 
une augmentation de température conduit à une mortalité plus précoce lors d’une sécheresse 
(Adams et al. 2009a). Les auteurs de l’étude attribuent les différences de vitesse d’apparition 
de la mortalité à une augmentation des coûts respiratoires avec l’augmentation de la 
température, ce qui conduirait à un épuisement plus précoce des réserves carbonées (Adams et 
al. 2009a). Les réserves carbonées n’ont en revanche pas été mesurées directement, et la 
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fonction hydraulique des plants n’a pas été prise en compte dans cette étude. Sala (2009) et 
Leuzinger et al. (2009) soulignent que ces deux aspects limitent fortement l’interprétation des 
résultats. Malgré ces limites, une sécheresse peut induire un bilan de carbone négatif, comme 
montré par Zhao et al. (2013) sur des jeunes plants de Thuya. L’occurrence d’un bilan de 
carbone négatif dépend alors des conditions de température : une augmentation de 
température associée à la sécheresse conduit à court terme à un bilan de carbone négatif (Zhao 
et al. 2013). 
Pour évaluer la possibilité d’un épuisement des réserves carbonées de l’arbre lors de 
sécheresses, il est également possible de suivre leurs concentrations en réponse à des 
conditions où l’eau est un facteur limitant (Leuzinger et al. 2009). Une littérature abondante 
s’est développée récemment sur le sujet (Tableau I.1). Suite à des sécheresses exceptionnelles, 
il a par exemple été montré que les arbres défoliés peuvent présenter des concentrations en 
réserves carbonées plus faibles que celles d’arbres dont les houppiers sont moins abimés, et ce 
juste après l’événement de sécheresse (Bréda et al. 2006), ou plusieurs années après (Galiano 
et al. 2011; Galiano et al. 2012). Les diminutions de concentrations en réserves consécutives à 
une sécheresse ne sont pas toujours homogènes dans l’ensemble des organes de l’arbre : elles 
peuvent ne concerner par exemple que les organes souterrains (racines et/ou lignotubers, 
Galiano et al. 2012; Hartmann et al. 2013b). Un épuisement complet des réserves carbonées 
suite à une sécheresse n’a en revanche jamais été documenté à ce jour. 
En réponse à une sécheresse, une diminution des réserves carbonées n’est pas 
systématiquement observée. Certains auteurs documentent en effet une augmentation des 
réserves carbonées au moins dans certains organes en réponse à une sécheresse (Galvez et al. 
2011; Anderegg 2012; Jacquet et al. 2014), tandis que dans d’autres cas, une sécheresse 
n’entraine pas de variation significative des réserves carbonées (Gruber et al. 2011; Gérard 
and Bréda 2012; Duan et al. 2013; Klein et al. 2014). Il semble que la réponse des réserves 
I. Introduction 
23 
 
carbonées dépende en partie des caractéristiques écophysiologiques de l’espèce étudiée. Par 
exemple, chez deux espèces du genre Nothofagus soumises à une sécheresse extrême, 
l’espèce la plus sensible à la sécheresse présente des concentrations en réserves carbonées 
diminuées, alors que l’espèce la plus résistante à la sécheresse présente des concentrations en 
réserves carbonées augmentées (Piper 2011). Les caractéristiques écophysiologiques d’une 
espèce ne sont cependant pas le seul déterminant de la réponse des réserves carbonées à un 
stress : on observe ainsi parfois pour une même espèce des évolutions de concentrations en 
réserves différentes à la suite d’une sécheresse (Tableau I.1). 
Les réserves carbonées présentent donc une grande variété d’évolutions possibles en 
réponse à un stress, sans qu’il soit possible de dégager de grands déterminants de ces patterns 
(par exemple angiospermes vs. conifères, décidus vs. sempervirentes, isohydriques vs. 
anisohydriques). Pour tenter de comprendre cette diversité de réponses, il est nécessaire de 
prendre en compte que les fonctionnements carboné et hydraulique des arbres sont 
extrêmement interdépendants (McDowell 2011). 
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(Bréda et al. 2006; Gruber et al. 2011; Piper 2011; Galvez et al. 2011; Galiano et al. 2011; 
Anderegg 2012; Gérard and Bréda 2012; Galiano et al. 2012; Rosas et al. 2013; Adams et al. 
2013; Galvez et al. 2013; Hartmann et al. 2013b; Duan et al. 2013; Hartmann et al. 2013a; 
Wiley et al. 2013; Saffell et al. 2014; Jacquet et al. 2014; Klein et al. 2014; Dickman et al. 
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3.3.Liens fonctionnels entre les fonctionnements hydrauliques et carbonés 
Un premier niveau de couplage des fonctionnements hydraulique et carboné se situe au 
niveau de la régulation stomatique des échanges gazeux. En effet, les échanges gazeux ne 
peuvent avoir lieu que pour une certaine gamme de potentiels hydriques foliaires (Sperry 
2000). Le potentiel hydrique foliaire est lui-même entre autres lié au fonctionnement 
hydraulique de l’arbre (Sperry 2000). Au niveau des feuilles, les fonctionnements hydraulique 
et carboné sont donc indissociables. Lors de sécheresses, la régulation des échanges gazeux 
nécessite donc de trouver un compromis entre assimilation de carbone et contrôle de la 
tension de la colonne d’eau dans le xylème (Bréda et al. 2006). Il apparait que la 
consommation des réserves carbonées lors d’une sécheresse dépend en partie de processus 
relevant du fonctionnement hydraulique de l’arbre (McDowell et al. 2008). Chez deux 
espèces de conifères ayant des vulnérabilités à la cavitation contrastées, il a ainsi été montré 
que lors d’une sécheresse extrême, la mortalité était liée à une limitation hydraulique des 
échanges gazeux, et non à la défaillance complète du système hydraulique (Plaut et al. 2012). 
Ces limites hydrauliques conduisent à une acclimatation des échanges gazeux à des conditions 
de sécheresses (Limousin et al. 2013). Il est alors observé un compromis entre capacité 
photosynthétique maximale et résistance de la photosynthèse à la sécheresse (Limousin et al. 
2013). 
Une fois assimilé par les feuilles, le carbone est transporté vers des organes puits, où il 
sera utilisé ou stocké. Les organes de stockage deviennent par la suite des sources de carbone. 
Or, certaines fonctions de puits sont directement dépendantes de l’état hydrique de l’arbre. 
C’est par exemple le cas de la croissance radiale du tronc, la pression de turgescence 
conditionnant les processus d’expansion cellulaire (Zweifel et al. 2006). Une diminution de la 
demande en carbone des puits liée à une limitation hydrique de ces derniers peut en 
conséquence engendrer une augmentation des réserves carbonées pendant au moins une partie 
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de la sécheresse (Piper 2011). Par ailleurs, la demande en substrat carboné est parfois 
spatialement éloignée des organes de production ou de stockage (Dickson 1989). Le transport 
de sucres dans le phloème est alors crucial pour assurer l’approvisionnement en sucres des 
organes puits (Sala et al. 2010). Une défaillance du transport phloémien suite à un faible 
approvisionnement en eau et/ou en photoassimilats lors d’une sécheresse pourrait conduire à 
un isolement des organes sources des organes puits, engendrant des déplétions locales en 
réserves (Sala et al. 2010; McDowell 2011). Alternativement, une défaillance du transport 
phloémien pourrait engendrer un dysfonctionnement hydraulique du xylème en empêchant 
l’apport de sucres nécessaire à la régulation osmotique de la sève brute, voire au refilling des 
vaisseaux embolisés (McDowell 2011; Sevanto et al. 2014). 
 
3.4.Hypothèses complémentaires : fonctionnement azoté et transfert de carbone 
au sol 
Les deux hypothèses de mort par défaillance du système hydraulique ou par déficience en 
réserves carbonées ne sont donc pas mutuellement exclusives, les deux mécanismes pouvant 
entrer en interaction. Il est donc indispensable de prendre ces deux aspects en compte lors 
d’études visant à expliciter les mécanismes fonctionnels sous-jacents à la réponse des arbres à 
des stress. En revanche, d’autres aspects des réponses écophysiologiques des arbres lors de 
dépérissements restent très mal connus. 
 
3.4.1. Dynamique interne de l’azote 
C’est le cas de la dynamique interne de l’azote dans l’arbre. En effet, aucune étude à ce 
jour n’a évalué la réponse des concentrations et des dynamiques de réserves azotées lors d’un 
dépérissement. Or, les réserves azotées jouent un rôle crucial, notamment pour la reprise de la 
croissance au printemps (Wildhagen et al. 2010; El Zein et al. 2011b; Bazot et al. 2013). En 
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effet, lors de la formation des branches et des nouvelles feuilles, l’absorption racinaire de 
l’azote du sol est dans un premier temps très faible, et la croissance des nouveaux organes 
dépend pendant cette période quasiment exclusivement de la remobilisation de l’azote stocké 
dans les organes pérennes (Geßler et al. 1998; El Zein et al. 2011a; Bazot et al 2015 in prep). 
Dans un second temps, deux à trois semaines après le débourrement, l’absorption racinaire de 
l’azote du sol prend le relai sur les réserves azotées pour la formation des nouveaux organes 
(Geßler et al. 1998; El Zein et al. 2011a; Bazot et al 2015 in prep). Par ailleurs, à l’automne, 
concomitamment à la remobilisation de l’azote foliaire pour la formation des réserves, on 
observe un deuxième pic d’absorption racinaire d’azote du sol (Geßler et al. 1998; Bazot et al 
2015 in prep). Le remplissage automnal des réserves azotées à dépend donc à la fois de 
facteurs internes à l’arbre et de facteurs liés au sol. 
Au cours d’un dépérissement, la surface foliaire totale de l’arbre et la biomasse des 
branches fines sont fortement réduites. Ces organes sont riches en azote, et jouent un rôle 
important dans la dynamique interne de l’azote dans l’arbre (Bazot et al. 2013). La dynamique 
interne de l’azote pourrait par conséquent être perturbée par l’augmentation de la mortalité 
des branches fines lors d’un dépérissement. De manière plus générale, l’effet de stress sur le 
fonctionnement azoté des arbres reste assez mal connu. Lors d’expériences de stress hydrique, 
il a été montré que l’absorption d’azote pouvait se trouver réduite (Fotelli et al. 2002; Geßler 
et al. 2004). Une diminution de l’absorption d’azote n’est cependant pas toujours observée 
lors de sécheresses (Fotelli et al. 2004; Peuke and Rennenberg 2004). Les concentrations en 
réserves azotées sont en partie déterminées par l’absorption d’azote du sol par les racines 
(Millard and Grelet 2010). Une modification de l’absorption d’azote par les racines pourrait 
donc également impacter les concentrations et/ou les dynamiques saisonnières réserves 
azotées de l’arbre. 
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3.4.2. Transfert de carbone vers le sol 
Les racines des arbres assurent l’absorption d’eau et des nutriments du sol. Les racines 
des arbres modifient les propriétés du sol (capacité de rétention d’eau, pH…) dans leur 
environnement immédiat, en relâchant des composés carbonés, dans un processus appelé 
rhizodéposition (Lynch and Whipps 1990). La rhizodéposition fournit des substrats carbonés 
aux communautés microbiennes du sol (Lynch and Whipps 1990). L’activité biologique dans 
la rhizosphère, stimulée par les rhizodépots, est plus forte dans le sol rhizosphérique que dans 
le sol non rhizosphérique (Lynch and Whipps 1990). En retour, les communautés 
microbiennes de la rhizosphère peuvent avoir des effets positifs sur la productivité des plantes 
en modifiant par exemple la disponibilité en certains nutriments, notamment l’azote (Van Der 
Heijden et al. 2008). Les microorganismes de la rhizosphère peuvent également impacter les 
plantes de façon négative, soit directement en agissant en tant que pathogènes, soit 
indirectement en entrant en compétition avec les plantes pour l’absorption des nutriments 
(Van Der Heijden et al. 2008). 
Les interactions entre les plantes et les communautés microbiennes du sol via la 
rhizodéposition ont donc une très grande importance à la fois par leurs effets sur la 
disponibilité en eau et en nutriments dans l’environnement immédiat des racines, mais aussi à 
cause de l’importance quantitative de la rhizodéposition : on estime en effet que chez les 
arbres, une part importante du carbone assimilé serait transféré à la rhizosphère (Grayston et 
al. 1997). Cette importance est telle que dans le cadre d’une approche intégrée du 
fonctionnement de l’arbre, le flux de carbone vers le sol peut être considéré comme un puits 
de carbone à part entière, au même titre que d’ autres grandes fonctions de l’arbre comme par 
exemple la croissance ou la respiration (Högberg and Read 2006). 
A ce jour, aucune étude ne s’est penchée sur l’effet d’un dépérissement sur la 
rhizodéposition. En revanche, des expériences de girdling ont montré qu’une diminution du 
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transfert de carbone vers le sol avait des conséquences négatives sur les communautés 
microbiennes des sols, à la fois en terme d’abondance (Högberg and Högberg 2002) et de 
diversité (Schulze et al. 2005; Koranda et al. 2011). On peut par conséquent penser qu’un 
dépérissement, lors duquel l’assimilation de carbone est réduite du fait de la diminution de la 
surface foliaire totale (Anderegg et al. 2014), pourrait modifier la quantité et/ ou la qualité des 
rhizodépots et par conséquent les communautés microbiennes du sol. Une première étude sur 
un cas inexpliqué de dépérissement chez l’Eucalyptus a ainsi montré des différences 
d’activités cataboliques dans les communautés microbiennes de la rhizosphère d’arbres 
poussant dans des parcelles saines et dépérissantes (Cai et al. 2010). Plus précisément, une 
capacité augmentée des communautés bactériennes du sol à dégrader certains acides 
organiques pourrait conduire sur les sites dépérissants à une plus faible disponibilité en 
nutriments minéraux dans le sol par rapport aux sites sains, en particulier pendant la saison 
sèche (Cai et al. 2010). 
 
En raison des nombreuses interactions entre les fonctionnements hydraulique, carboné et 
azoté, la réponse d’une plante à un ou des stress doit être abordée d’une manière la plus 
intégrative possible, afin de prendre en compte au mieux les grandes fonctions de l’arbre et 
leurs interactions. Dans ce travail, c’est ce type d’approche qui est utilisé pour essayer de 
comprendre les mécanismes fonctionnels sous- jacents à un dépérissement de hêtres en forêt 
de Fontainebleau. 
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4. Objectifs de la thèse 
Comme vu précédemment, les dépérissements forestiers sont des phénomènes 
complexes, dont les mécanismes fonctionnels sous-jacents restent mal cernés. C’est 
particulièrement vrai pour les dépérissements se déroulant sur le long terme, la majorité des 
études concernant uniquement les réponses à court terme des plantes aux stress (Tableau I.1). 
L’objectif principal de cette thèse est de documenter les mécanismes écophysiologiques à 
l’œuvre dans un dépérissement de hêtres matures, lié au moins en partie à des sécheresses 
répétées. Ce dépérissement se déroule sur le long terme, comme indiqué par les observations 
de terrain et une étude dendrochronologique (Silva 2010, Figure I.4). Il sera examiné ici en 
dehors de fortes contraintes climatiques. 
L’originalité de ce travail repose dans l’approche intégrative adoptée à l’échelle du 
système arbre-sol. Sur un même groupe d’arbres, nous avons en effet étudié des 
caractéristiques liées aux fonctionnements hydraulique, carboné et azoté des arbres. De plus, 
les interactions entre les arbres et les communautés microbiennes des sols, potentiellement 
importantes pour l’absorption de l’eau et la nutrition minérale, ont également été abordées. 
Les aspects azote et sol sont particulièrement novateurs, et très peu documentés dans la 
littérature sur les dépérissements forestiers. Ce travail sera structuré en trois parties, chacune 
des parties étant constituée d’un article, soumis ou en préparation. 
 
Chapitre 1 : fonctionnements hydraulique, carboné et azoté des arbres sains et 
dépérissants pendant la saison de végétation. 
Lors de dépérissements, les études prenant en compte concomitamment les 
fonctionnements hydraulique et carboné d’arbres matures sont peu fréquentes. De plus, les 
réponses des concentrations et des dynamiques des réserves azotées lors de dépérissements 
n’ont jamais été documentées, en dépit de leur importance notamment pour la croissance 
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printanière (Wildhagen et al. 2010; Bazot et al. 2013). On peut donc se demander si les 
fonctionnements hydraulique, carboné et azoté des arbres dépérissants sont modifiés pendant 
la saison de végétation. Dans ce chapitre, nous analysons des caractéristiques des 
fonctionnements hydraulique, carboné et azoté d’arbres sains et dépérissants pendant la saison 
de végétation. Sur deux ans, la croissance radiale du tronc, ainsi que les concentrations 
minimales et maximales en réserves carbonées et azotées sont documentées. Durant la 
deuxième année de l’étude, le fonctionnement hydraulique des arbres est caractérisé, et le 
fonctionnement foliaire est examiné via l’utilisation de proxys. Cet article a été soumis à 
« Trees – structure and function ». 
 
Chapitre 2 : fonctionnement hivernal des arbres sains et dépérissants. 
Après avoir caractérisé le fonctionnement estival des arbres sains et dépérissants, nous 
abordons une thématique assez peu documentée dans la littérature : le fonctionnement 
hivernal des arbres. En climat tempéré, les arbres décidus dépendent en effet de leurs réserves 
(en particulier carbonées) pour assurer l’entretien des tissus vivants ainsi que la résistance au 
gel. Chez des arbres sains et dépérissants, nous avons mesuré la respiration d’entretien des 
troncs en hiver, ainsi que la température engendrant 50% de mortalité des cellules vivantes du 
xylème. En parallèle, les concentrations en réserves carbonées et azotées ont été documentées. 
Le stockage et la remobilisation des réserves carbonées et azotées dans le xylème reposent sur 
les cellules de parenchyme (Tromp 1983). Ils seront ainsi mis en relation avec des 
caractéristiques du bois, notamment la quantité et la structure des rayons ligneux. L’article 
présenté est en préparation et sera prochainement soumis. 
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Chapitre 3 : flux de carbone vers le sol et les racines chez des arbres sains et 
dépérissants. 
Dans les deux chapitres précédents, nous nous sommes essentiellement intéressés aux 
compartiments aériens de l’arbre. Les processus liés au compartiment souterrain (considéré ici 
comme l’ensemble formé par les racines et le sol rhizosphérique) lors de dépérissements 
forestiers restent en revanche très mal documentés, en dépit de leur importance potentielle 
notamment pour la disponibilité en eau et en nutriment dans l’environnement immédiat des 
racines. La question suivante est donc posée : le dépérissement s’accompagne-t-il de 
caractéristiques différentes des racines et/ou des communautés bactériennes de la 
rhizosphère ? Dans ce chapitre, les densités et croissances racinaires des arbres sains et 
dépérissants sont comparées. La quantité et la qualité des rhizodépots sont estimées via 
l’utilisation de proxys. L’article présenté est en préparation. Il sera complété par des résultats 
sur la structure des communautés microbiennes issus de techniques de biologie moléculaire, 
dont l’acquisition est actuellement en cours. 
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Key message Under non-extreme drought conditions, reduced stem growth is not 
associated with reserve or hydraulic impairment in beech suffering from long term decline. 
Abstract 
Global change is expected to increase the frequency and the intensity of drought events 
in temperate ecosystems. In some regions, this might be associated with an increase in tree 
decline. Of the ecophysiological mechanisms that have been proposed to explain tree decline, 
an impairment of the vascular transport system and/or carbon function are two of the most 
discussed. In a context of long term decline caused by droughts, we investigated the 
functional differences between the carbon, nitrogen, and hydraulic functions of healthy and 
declining mature beech (Fagus sylvatica L.) trees. The study was carried out over two 
consecutive years with contrasting water availabilities. The radial growth of declining trees 
was clearly less than that of healthy trees, due to a lower growth rate, associated during the 
wet year with a shorter growth period. Leaf functional characteristics and hydraulic 
parameters (native embolism and cavitation vulnerability curves) were similar in healthy and 
declining trees. However, at the end of a growing season characterized by a dry spring, carbon 
reserves concentrations in young branches of declining trees were lower than those in healthy 
trees, though they recovered during the following non-constraining growing season. Our 
results did not indicate carbon starvation, nitrogen deficiency, or hydraulic failure. However, 
there seems to be some compensation mechanism related to reserve dynamics in the 
remaining living tissue of the declining trees. This study shows that the climate conditions of 
successive years are probably crucial for these functional adjustments to be operational. 
Key-words beech, reserves, forest decline, growth, hydraulic failure  
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Introduction 
Climate change is resulting in more frequent and more intense droughts, and this 
tendency is expected to continue in the coming decades, particularly in temperate climates 
(Intergovernmental Panel on Climate Change 2014). At the same time, the frequency of 
drought-induced forest declines is increasing (Lorenz and Becher 2012). As a consequence, 
there has been renewed interest in studying forest decline in the scientific community 
(McDowell et al. 2008, Adams et al. 2009, Breshears et al. 2009, Leuzinger et al. 2009, Sala 
2009, McDowell and Sevanto 2010). However, an accurate prediction of the amplitude of this 
increased tree mortality in coming decades is not possible (Allen et al. 2010), due to a lack of 
understanding of the functional mechanisms involved in the responses of trees to climate 
change. The functional mechanisms underlying tree decline therefore need to be investigated 
thoroughly (Bréda and Badeau 2008). 
The potential roles of carbon (C) and/or water balances in tree decline or mortality during 
stressful events have long been suggested (Bossel 1986; Martı́nez-Vilalta et al. 2002). In a 
review based on field observations, Waring (1987) suggested that the C balance of trees is key 
to understand their reactions to diverse stressors. More recently, research efforts have focused 
on drought-induced tree mortality (McDowell et al. 2008; Anderegg et al. 2012; Adams et al. 
2013; Hartmann et al. 2013b; Hartmann et al. 2013a). Two functional mechanisms underlying 
drought-induced tree mortality have been hypothesized: a failure of the hydraulic system; and 
carbon starvation. The latter is defined as either an exhaustion of C reserves (referred to as 
NSC - Non-Structural Carbohydrates) of the tree, or a failure to remobilize them (McDowell 
et al. 2008; Sala et al. 2010). The exclusivity of these two hypotheses has since been 
reconsidered (Sala et al. 2010; Sevanto et al. 2014). Moreover, it is now known that insects 
and/or pathogens can play a major role in tree decline (Durand-Gillmann et al. 2012). 
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Recent studies have investigated the roles of C and/or water balances during drought-
related tree declines and mortality (Brodribb and Cochard 2009, Galiano et al. 2011, Galvez et 
al. 2011, Amoroso et al. 2012, Anderegg et al. 2012). Several studies of the role of C 
starvation have yielded contradictory results (Piper 2011; Hartmann et al. 2013b; Zhao et al. 
2013). C starvation has been difficult to demonstrate empirically for three reasons: firstly, 
because this hypothesis relies on the assumption that C reserves accumulate mainly passively 
(Sala et al. 2010), which has recently been challenged (Wiley et al. 2013; Dietze et al. 2014); 
secondly, because the NSC pools are never fully depleted (Sala et al. 2010), suggesting that 
there is a threshold below which the NSC pools are too low to sustain the functioning of the 
tree in the absence of C assimilation (McDowell et al. 2011); and thirdly, because even if this 
threshold could be defined for each species, the tree might not be able to remobilize and/or 
transport the stored NSC (Sala et al. 2010).  
Non-structural nitrogen (N) compounds supply N for spring growth and winter 
maintenance (Wildhagen et al. 2010; Bazot et al. 2013). However the tree internal N cycle has 
been largely overlooked in studies of drought-related tree decline, and to our knowledge, the 
N reserves of trees have seldom, if ever, been assessed during tree decline. N reserves are 
essential for long-term tree survival and health status, as N is often a limiting element in forest 
ecosystems (Waring 1987; LeBauer and Treseder 2008). As a consequence, we hypothesized 
that N reserves (here referred to as NSNC – Non-Structural Nitrogen Compounds) would be 
lower in declining trees than in healthy trees. 
Studies of hydraulic failure, on the other hand, have shown that loss of hydraulic 
conductance via cavitation may be linked to tree mortality. Indeed, Urli et al. (2013) showed 
that in temperate angiosperms, a high degree of embolism (around 90%) was associated with 
tree mortality, and that drought resistance and cavitation resistance were strongly linked. 
Moreover, the link between the hydraulic limits of trees and drought-induced tree mortality 
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has been well documented, at both local and global scales (Brodribb and Cochard 2009; Poot 
and Veneklaas 2012; Choat et al. 2012; Nardini et al. 2013; Barigah et al. 2013). Several 
studies have also shown that hydraulic failure was the final mechanism causing death of 
drought-affected trees (Anderegg et al. 2012; Adams et al. 2013; Hartmann et al. 2013a). 
However, as pointed out by Plaut et al. (2012), hydraulic failure and C starvation might often 
interact when drought-related tree mortality occurs. 
The ecophysiological differences between healthy and declining trees during long-term 
declines have seldom been studied. During these events, affected trees may survive for years, 
or even decades with severely thinned crowns. As described above, short-term responses of C 
and N reserve concentrations and hydraulic conductance to drought remain unclear. 
Understanding long term tree functional responses to repeated droughts is particularly critical 
for forest survival and predictions of the response of forest productivity to future climate 
scenarios (Bréda et al. 2006). Since reserve depletion may already be important after a severe 
drought (Bréda et al. 2006), it can be hypothesized that recurrent droughts would induce 
drastic decreases in reserves, which could lead to a progressive loss of tree resilience, by 
reducing the ability to regenerate (López et al. 2009). 
This paper investigates the long-term ecophysiological responses of mature beech trees 
(Fagus sylvatica L.) to recurrent droughts (especially in 1959, 1976, 1990, 1992, 1996 and 
2003). The study plot is an even-aged beech stand (mean tree age of 95 years) growing in the 
Fontainebleau state forest (France). Low soil water availability has been shown to be a 
predisposing factor of decline for beech in this forest, and a dendrochronological approach 
revealed the triggering role of dry years (Silva 2010). In the plot, two categories of trees can 
be distinguished in terms of their crown conditions: healthy trees with dense crowns; and 
declining trees with highly thinned crowns. Silva (2010) showed that until 1959, the growth 
of currently declining and healthy trees was similar, and that after the dry 1959 growing 
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season, radial growth of currently declining trees had been reduced. Since the 1996 drought, 
the currently declining trees displayed less interannual growth variation than the currently 
healthy trees. Furthermore, crown loss in the declining trees also started at the end of the 
1990s (Silva 2010), and no biotic attack has been recorded since the regeneration of this stand 
in the 1910s (National Forest Office, personal communication). Microsite soil water 
availability is not linked to the health status of the trees (Silva 2010). 
In this study, we intended to determine whether the altered growth of declining trees was 
associated with reduced internal carbon and/or nitrogen reserve concentrations, and/or with 
hydraulic dysfunction. More precisely, we asked the following questions: 
i. To what extent and how is the stem radial growth reduced in declining trees at the 
seasonal time scale? Does it depend on climatic conditions? 
ii. Is the growth reduction associated with altered foliar functioning? 
iii. Is the altered seasonal growth in declining trees related to a dysfunction in reserve 
mobilization and/or storage? 
iv. Is water transport damaged during the growing season in declining trees? 
To answer these questions, tree radial growth was monitored weekly over two growing 
seasons with contrasting climatic conditions: one with a spring drought (2011); and one 
without water constraint (2012). Together with stem radial growth, the seasonal changes of C 
and N reserve concentrations were assessed over two years in stems and young branches. In 
2012, foliar functioning was characterized by the percentage of N in the total organic matter, 
carbon isotope composition (δ13C) and stomatal density measurements on mature leaves. 
Hydraulic functioning was studied at the branch level by measurements of water potential, 
vulnerability to cavitation and native embolism. 
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Materials and methods 
Site and stand description 
The study was carried out in the Fontainebleau state forest, France (48°22’ N, 02°36’ E, 
mean elevation 120 m a.s.l.) during the 2011 and 2012 growing seasons. This forest extends 
over 17,000 ha, 60 km southeast of Paris. The climate is temperate, with a mean annual 
temperature of 10.6°C and mean annual precipitation of 749 mm, well distributed throughout 
the year (for the 1960-2010 period). During the 1960-2010 growing seasons (from March to 
September), mean temperature was 14.1°C, mean precipitation was 426 mm, and there were 
on average 91 days with precipitation. The 2011 growing season was remarkable for being 
unusually dry and warm, particularly in spring: the mean temperature was 15.1°C, 
precipitation was 307 mm and the number of days with precipitation was 69. In contrast, the 
2012 growing season had average climatic conditions, with a mean temperature of 14.4°C, 
precipitation of 364 mm and 95 days with precipitation. 
The study site is a mature, monospecific beech (Fagus sylvatica L.) stand which has 
shown strong signs of decline since the late 1990s (observation by the forester in charge of the 
plot), where mean tree age in 2011 was 95 years and dominant height was 27 m. During the 
decline, the thinning of the crown has been observed to be episodic. The forester in charge of 
the plot has observed that crown loss episodes usually coincided with low precipitation 
periods. The crown condition typically does not improve during favorable years (with 
abundant and well temporally-distributed precipitation). Declining trees typically die after ca. 
20 years. During the 2011 growing season, death of upper branches was observed in the 
crowns of declining trees, resulting in further thinning of their crowns. Despite more 
favorable climatic conditions in 2012, the crown health of declining trees did not improve. 
II. Reduced stem growth, but no reserve depletion or hydraulic impairment in beech suffering from long-term decline 
43 
 
Trees were growing on a rather shallow podzoluvisol soil (mean profile depth 0.6 m), 
with a C:N ratio of 18.7:1, and an extractable soil water content of 101 mm. The soil texture is 
dominated by Stampian sand mixed with loam and clay at different depths. 
 
Sampling design 
From the dominant storey, five trees with altered crowns (“declining”) and five trees with 
intact crowns (“healthy”) were chosen for the present survey. The crown loss was evaluated 
using the DEPEFEU (DEPErissement des FEUillus) protocol (Nageleisen and Goudet 2011), 
which quantifies crown thinning on a scale from 0 (healthy tree) to 4 (dead tree). The selected 
healthy trees had large, dense crowns and abundant fine ramification (average DEPEFEU 
score: 0.9), while the declining trees had reduced crown areas, very transparent crowns, only 
one or two main branches remaining and very limited fine ramification (average DEPEFEU 
score: 3.6). On average, declining trees had 70% less leaf area than healthy trees, as estimated 
with the DEPEFEU protocol. The mean diameters at breast height (45.9 ± 5 cm) and the 
heights of the two groups (26.5 ± 4 m) were similar. Radial stem growth was followed weekly 
with manual band dendrometers (DB20, EMS Brno, Brno, Czech Republic) placed at breast 
height. The key phenological stages (budburst, evolution of the Leaf Mass per Area –LMA 
and yellowing) were also monitored. 
 
Sampling for C and N measurements 
Trees were sampled twice in both 2011 and 2012: at budburst (50% of the tree buds 
broken); and at yellowing (senescence of 50% of tree leaves). The time of budburst was 
determined as described in Vitasse et al. (2009): a bud was considered broken when its leaves 
started unfolding. In beech, budburst has been shown to correspond to minimum reserve 
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concentrations, while at yellowing the reserve concentrations are at a maximum (Barbaroux 
and Bréda 2002; Hoch et al. 2003). 
On each sampling date, we collected: light-exposed branches formed in 2010 using a 
shotgun; two trunk cores taken at breast height (one for C reserve assessment, one for N 
reserve assessment) containing phloem and xylem; and two coarse root cores 
(diameter ≥ 5 mm, see Le Goff and Ottorini 2001, taken approximately 50 cm from the trunk). 
Sampling was always performed between 10:00 and 12:00. 
Samples were transported in a cooler to the laboratory, where their fresh weight was 
determined. The samples were then immediately placed in a freezer at -80°C. The samples 
destined for carbohydrate analysis were lyophilized for 7 days, and dry weight determined 
immediately after freeze-drying to estimate the humidity content of each organ. The samples 
destined for soluble protein assessment were kept frozen until analysis. 
Light-exposed leaves were collected during the 2012 growing season, lyophilized and 
ground to a fine powder. 1 mg subsamples were then placed in tin capsules in order to 
determine the δ13C and percentage of N with a CN analyzer and a mass spectrometer (Sercon 
Ltd., Cheshire, UK). 
 
Hydraulic parameters 
Water potentials 
Pre-dawn potentials were measured twice in each tree during the 2011 and 2012 growing 
season (on 2011/06/29, 2011/08/23, 2012/05/25 and 2012/08/20) in three light-exposed 
branches, between 10 and 20 cm long. Midday water potentials were measured only in 2012 
growing season. Measurements were immediately made in the field using a pressure chamber 
(Model 600, PMS Instruments, USA), after recutting 2 cm away from the last visible lead shot 
injury. 
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Native embolism 
Light-exposed branches in the upper third part of the crown of each tree were sampled 
three times during the 2012 growing season (on 2012/04/25, 2012/05/29 and 2012/09/07) 
with a shotgun. The whole branch was immediately wrapped in moist paper towels, placed in 
a black plastic bag (to prevent any photosynthesis and transpiration) and brought back to the 
laboratory in a cooler. They were then preserved in a cold room at 7°C until analysis. Native 
embolism (% loss of hydraulic conductivity, PLC) on ca. 3 cm branch segments using a 
XYL’EM® embolism meter (Bronkhorst, Montigny-les-Cormeilles, France). The technique 
requires hydraulic conductivity measurements before and after water refilling (for further 
details, see Cochard 2002). The branch segments were allowed to relax for ca. 60 minutes 
before measurement to prevent any measurement artifact (Wheeler et al. 2013), then perfused 
with a degassed 100 mmol l
-1
 KCl – 10 mmol l-1 CaCl2 solution, filtered at 0.2 µm. Samples 
were flushed 3 times for 3 seconds at 0.2 MPa to remove embolism. Native embolism was 
computed as described in Sperry et al. (1988). 
 
Cavitation vulnerability curves 
To establish vulnerability curves, two south-oriented light-exposed branches from each 
tree were sampled at the end of May 2012. From each branch, segments ca. 20 cm long were 
selected. The average age of these segments was 20 years. Vulnerability curves were 
established using the Cavitron technique (Cochard 2002), as described in Wortemann et al. 
(2011). Beech vessel length (90% of beech vessels are shorter than 12 cm, see Hacke and 
Sauter 1995) is ideal to establish reliable vulnerability curves, as discussed in Cochard et al. 
(2010). The slope (% MPa
-1
), xylem pressure inducing losses of conductance of 12% (P12), 
50% (P50) and 88% (P88) were computed as described in Wortemann et al. (2011). P12 is 
considered as the xylem pressure at which embolism begins to appear in the xylem conduits 
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(Sparks and Black 1999), and P88 the xylem pressure at which the embolism level in the 
xylem conduits becomes critical (Domec and Gartner 2001). 
 
Foliar functioning characterization 
During the 2012 growing season, light-exposed leaves were sampled at the same 
phenological stages as trees were sampled for C and N measurements. The total area of 10 
leaves randomly selected from each tree was measured using an area-meter (Delta-T Area-
meter, Delta-T Devices, UK). These 10 leaves were then dried at 60°C for four days, and their 
LMA computed. 
In mid-August 2012, 10 sun-exposed leaves were sampled in the upper third of the 
crown. On each of these leaves, a 1 cm² area was covered with a thin layer of nail polish, and 
left to dry for approximately 20 min. This was then carefully removed with a piece of clear 
adhesive tape, and mounted on a glass slide. With a magnification of 200 times under an 
optical microscope (Leitz Wetzlar, Germany), stomata were counted in three separate fields 
from each leaf. The field width was 930 µm, as calculated with a graduated slide. The 
stomatal densities of the three fields were averaged to obtain the mean stomatal density of 
each leaf (number of stomata mm
-2
). The average stomatal densities of each of the 10 leaves 
of a given tree were then averaged to obtain the tree’s average stomatal density. 
 
Quantification of N and C compounds 
Total non-structural N (TNSN) 
Soluble proteins were assessed in the 2010 growth units, the phloem, the outermost 
1.5 cm of xylem and the coarse roots, using an adaptation of the protocol described by 
Bahrman et al. (1997). 400 mg of fresh matter were ground in liquid N. The proteins were 
then precipitated with 10 ml of precipitation solution (acetone, 10% TCA and 0.07% β-
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mercapto-ethanol). After a night at -20°C, the extracts were centrifuged (15 min, -4°C, 
12000 g), and the supernatants eliminated. The remaining pellets were rinsed with 10 ml 
0.07% β-mercapto-ethanol in acetone, incubated for 1 hour at -20°C, centrifuged (30 min, 
4°C, 12000 g), and the supernatants were again eliminated. The pellets were then dried in a 
centrifugal vacuum concentrator (Centrivap, Labconco, USA), and 10 - 20 µl per mg of pellet 
of a solubilization solution (7M urea, 2M thiourea, 100mM DTT, 4% CHAPS, 0.4% Triton 
x100 in water) were added. After sonication during 30 min, the tubes were centrifuged 
(30 min, 15°C, 12000 g), and the supernatants were transferred to other tubes. 
Proteins were assessed in these supernatants by the Bradford method (Bradford 1976). 
Bradford reagent (BioRad Protein Assay, BioRad, USA) was diluted four times, and 3.5 ml of 
the diluted dye reagent were added to 10 µl of the protein extract mixed with 10 µl of HCl 
0.1 mol l
-1
 and 80 µl of distilled water. After 15 min in the dark, absorbance was read at 
595 nm with a spectrophotometer (UVIKON 938, NorthStar, UK). Protein concentration was 
calculated using solutions of increasing ovalbumine concentrations as standards. The protein 
concentrations were expressed in grams of reserve compound per 100 grams of dry matter 
(g 100 g DW
-1
). 
 
Non structural carbohydrates 
Soluble sugars and starch were extracted from 10 mg (± 0.5 mg) of finely ground dry 
matter from the 2010 growth units, phloem, outermost 0.5 cm of xylem and coarse roots. 
Samples were ground using a ball mill (MM 301, Retsch, Germany) with 5 mm balls shaken 
at 30 Hz three times for 2 min. Soluble sugars were extracted twice with 1 ml of boiling 80% 
ethanol. These 2 ml were pooled and centrifuged. The supernatants and the pellets containing 
starch were dried in a centrifugal vacuum concentrator to remove ethanol (Centrivap, 
Labconco, USA). Soluble sugars and the pellets containing starch were then rehydrated with 
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0.02 mol l
-1
 NaOH. Glucose, fructose and sucrose were assessed enzymatically by the method 
described in Barbaroux et al. (2003) and Brummer and Cui (2005). Their concentrations were 
then added to determine the concentration of total soluble sugars. Starch was quantified as the 
glucose equivalent, using the enzymatic method described for soluble sugars. The 
concentrations of total non-structural carbohydrates (TNSC), starch and total soluble sugars 
were expressed in grams of reserve compound per 100 grams of dry matter (g 100 g DW
-1
). 
 
Statistical analyses 
The growth data of each tree for each year were fitted with a sigmoid curve using Matlab 
software (MATLAB 2008a, MathWorks, Natick, Massachusetts, USA): 
𝐶𝐺 =  
𝑎
1 + 𝑒−𝑆∗(𝐷−𝑏)
 
in which CG is the cumulative stem diameter growth (mm), a is the upper asymptote (mm), S 
is the growth rate (mm day
-1
), D is the date (day of year) and b is the inflexion point of the 
curve. 
The dates of start and end of growth were determined by deriving the function six times 
for the start date and five times for the end date. The dates obtained with the fitted curves 
were then matched with the closest of our measurement dates. The various growth parameters 
(cumulated stem diameter growth, growth rate, start and end dates) were then analyzed with 
Student’s t-tests to test the effects of the year and of the health status of the trees. 
Additionally, annual Basal Area Increments (BAI) were computed from the radial growth data 
for 2011 and 2012, and compared with Student’s t-tests. 
The effects of health status on functional foliar characteristics were determined by 
Student’s t-tests performed separately on each sampling date. The effect of health status and 
year of measurement on carbon and nitrogen reserve concentrations was determined by 
Student’s t-tests. A potential difference of reserve variations between the two years of 
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measurement was tested by creating an annual synthetic variable: the difference between 
concentrations at budburst and at yellowing for each compound in each organ. On this 
synthetic variable, we applied paired Student’s t-tests to test for a year effect. The same 
technique was used to test for a possible interaction between health status and phenological 
stage that could result in differences in reserve dynamics between healthy and declining trees. 
The relationship between growth and reserve concentrations and dynamics were tested with 
Pearson correlation tests. 
The different parameters of the vulnerability curves (P12, P50, P88 and the slope) were 
analyzed with Student’s t-tests to test for differences between healthy and declining trees. 
Data were analyzed with the R software package (http://www.r-project.org/). In the text, 
values are presented as averages ± SE. 
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Results 
Stem radial growth 
Declining trees had lower diameter increments (P<0.05, Figure II.1a) and lower BAI 
(Basal Area Increment, data not shown) than healthy trees during both years. In 2011, the 
diameter increment was on average 2.4 mm in healthy trees, and 1.3 mm in declining trees. 
The 2012 diameter increments were more than twice those in 2011: 5.7 mm in healthy trees 
 
Figure II.1 Cumulative diameter increment (mm) of healthy and declining Fagus sylvatica 
trees and daily rainfall (mm) in 2011(a) and 2012 (b) in Fontainebleau state forest (France). 
Error bars represent SE (n=5). 
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and 3.0 mm in declining trees. Lower growths in declining trees were related to lower growth 
rates (P<0.05) and a growth duration difference in 2012 (Figure II.1a): declining trees stopped 
growing 16 days earlier than healthy ones that year (P< 0.05). Stem radial growth in 2012 was 
higher than the previous year in both healthy and declining trees (P<0.01, Figure II.1a). The 
dates of the onset of growth were not significantly different between declining and healthy 
trees in both years, however, trees stopped growing earlier in 2011 (P<0.01), resulting in a 
shorter growing season than in 2012 (73 days in 2011 for both healthy and declining trees, 
and 121 and 102 days in 2012 for healthy and declining trees respectively, P<0.01, Figure 
II.1a). 
 
Leaf characteristics 
At each studied phenological stage (budburst, leaf maturity, yellowing), all the functional 
leaf characteristics measured (δ13C of total leaf organic matter, %C, %N, mean leaf surface 
and LMA) were similar in healthy and declining trees (Table II.1). 
 
Health 
status 
Phenological 
stage 
δ13C of total 
organic matter 
(‰) 
% N 
Mean leaf 
surface 
(cm²) 
LMA 
(g m
-2
) 
Stomatal 
densities 
(stomata m
-2
) 
Healthy 
trees 
Budburst -26.05±0.33 3.24±0.17 5.0±0.5 56.2±0.6 189±19 
Leaf maturity -28.91±0.20 2.13±0.17 16.0±1.7 101.0±7 
Yellowing -29.96±0.27 1.60±0.05 20.0±1.5 72.5±8.1 
Declining 
trees 
Budburst -26.23±0.26 2.83±0.08 4.7±0.7 54.4±1.9 185±2 
Leaf maturity -28.87±0.16 2.38±0.13 17.0±2.4 95.4±2.3 
Yellowing -29.73±0.25 1.67±0.05 17.4±1.5 81.6±1.1 
LMA: Leaf Mass per Area, % N: percentage of nitrogen in total organic matter. Values are means ± SE 
Table II.1 Mean characteristics (± SE) of light-exposed leaves of healthy and declining Fagus sylvatica trees in 
Fontainebleau state forest (France) during the 2012 growing season. 
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C and N reserves 
In 2011, no effect of health status on TNSC concentrations was detected at budburst in 
the 2010 growth units. However, at yellowing, TNSC concentrations were lower in declining 
trees than in healthy ones (P<0.05, Figure II.2a). No effect of health status on TNSC 
concentrations in the trunk phloem and xylem (Figure II.2b and c), and in coarse roots (data 
not shown), was noticed on any date. No effect of health status on starch concentrations at 
budburst was detected in the 2010 growth units. However, at yellowing, starch concentrations 
were lower in declining trees than in healthy ones (P<0.01, Figure II.2a). No effect of health 
status on starch concentrations in the trunk phloem and xylem (Figure II.2b and c), or in 
coarse roots (data not shown), was observed on any date. Health status had no significant 
effect on soluble sugar concentrations in the 2010 growth units at any phenological stage. No 
effect of health status on soluble sugars in the trunk phloem was detected at budburst, 
however, at yellowing, soluble sugars were lower in the trunk phloem of declining trees than 
in that of healthy ones (P<0.05, Figure II.2b). Declining trees had higher soluble sugar 
concentrations in the xylem than healthy trees at budburst (P<0.05), a difference which had 
disappeared by yellowing (Figure II.2c). 
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Figure II.2 Concentrations of carbon (soluble sugar and starch, a, b, c) and nitrogen reserves 
(soluble proteins, d, e, f) in healthy (H) and declining (D) Fagus sylvatica trees in Fontainebleau 
state forest (France) during the 2011 growth season: 2010 growth units (a, d); phloem (b, e); xylem 
(c, f). The error bars represent SE. The letters correspond to the results of pairwise Wilcoxon-Mann-
Whitney (WMW) sum rank tests. Different letters indicate significant differences in average values 
over all studied trees between dates (P<0.05); in (a), (b) and (c) for TNSC concentrations (upper 
line), for soluble sugar concentrations (middle line) and for starch concentrations (lower line), in (d), 
(e), and (f) for protein concentrations. At each date, significant differences (WMW tests) between 
healthy and declining trees are noted by ‘*’ (P<0.05) for TNSC concentrations (upper line), for 
soluble sugar concentrations (middle line), and starch concentrations (lower line). 
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In 2012, declining trees had lower TNSC concentrations in the 2010 growth units than 
healthy trees at budburst (P<0.05, Figure II.2a), but no such difference was observed at 
yellowing. Health status had no significant effect on TNSC concentrations in the trunk 
phloem and xylem (Figure II.2b and c) and in the coarse roots (data not shown) whatever the 
date. No effect of health status on starch and soluble sugar concentrations was observed in 
any organ on any date (Figure II.2a, b and c). 
Nitrogen reserve concentrations were similar for healthy and declining trees, except at 
yellowing in 2011 in the xylem, where protein concentrations were lower in healthy than in 
declining trees (P<0.05, Figure II.2f). 
 
Interannual variations 
Globally, TNSC concentrations were higher in 2012 than in 2011 in the 2010 growth 
units, at both budburst and yellowing (P<0.05, Figure II.2a). TNSC concentrations in the 
phloem were also higher in 2012 than in 2011 at budburst (P<0.01, Figure II.2b), but were 
similar at yellowing in both years. No difference was noted between TNSC concentrations in 
the xylem at budburst in 2011 and 2012, however, those at yellowing were higher in 2012 
than in 2011 (P<0.05, Figure II.2c). TNSC concentrations in coarse roots did not differ 
between 2011 and 2012. The interannual variations of starch concentrations were similar to 
those of TNSC (Figure II.2a, b and c). Soluble sugar concentrations in the 2010 growth units 
were higher at budburst in 2012 than in 2011 (P<0.01), but at it was the opposite at 
yellowing: the soluble sugar concentrations were higher in 2011 than in 2012 (P<0.01, Figure 
II.2a). In the phloem, the soluble sugar concentrations were higher in 2012 than in 2011 at 
budburst (P<0.001), but they were not different between years at yellowing (Figure II.2b). In 
the xylem, at budburst, the soluble sugar concentrations were higher in 2011 than in 2012 
(P<0.05), but this difference had disappeared at yellowing (Figure II.2c). Soluble sugar 
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concentrations in the coarse roots did not significantly differ between 2011 and 2012 (data not 
shown). 
Soluble protein concentrations in the 2010 growth units did not significantly differ 
between 2011 and 2012 at budburst, whereas they were higher at yellowing in 2011 than in 
2012 (P<0.05, Figure II.2d). Soluble protein concentrations in the trunk phloem were higher 
in 2011 than in 2012 at both budburst and yellowing (P<0.05, Figure II.2e). Those in the 
xylem were higher in 2012 than in 2011 at budburst (P<0.05), but at yellowing the opposite 
held true (P<0.01, Figure II.2f). In the coarse roots, soluble protein concentrations were 
higher in 2012 than in 2011 (data not shown). 
Considering all the trees, the relationship between stem radial growth and seasonal 
variations in C reserves differed between years: the replenishment of starch reserves in the 
2010 growth units was positively correlated with stem radial growth (R² = 0.50, P<0.05) in 
2011, but not in 2012 (Figure II.3). A similar correlation was found for replenishment of 
TNSC in the stem xylem and stem radial growth (R
2
= 0.39, P<0.05). The seasonal variations 
of the C reserves were not significantly correlated between years, with the exception of starch 
in the xylem (P<0.01, R
2
= 0.66). Stem radial growth was significantly correlated between 
years (P<0.01, R
2
= 0.70). 
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Figure II.3 Relationship between Basal Area Increment (BAI, mm
2
 year
-1
) and seasonal 
variations in starch concentration in the 2010 growth units (% dry weight, calculated as the 
difference between the starch concentrations at yellowing and budburst), in 2011 (grey 
dots) and 2012 (black dots). A simple regression line for 2011 is shown. 
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Hydraulic characteristics 
Tree water status 
Health status had no significant effect on pre-dawn water potential whatever the 
sampling year and date. The average midday water potential was significantly lower in 
August 2012 (-2.1 MPa) than in May (-1.4 MPa, P<0.0001, Table II.2). 
  
 
Pre-dawn water potential 
(MPa) 
Midday water potential (MPa) 
June 2011 
Healthy trees -0.26±0.08  
Declining trees -0.14±0.04  
August 2011 
Healthy trees -0.22±0.07  
Declining trees -0.08±0.01  
May 2012 
Healthy trees -0.23±0.03 -1.29±0.06 
Declining trees -0.17±0.02 -1.41±0.07 
August 2012 
Healthy trees -0.16±0.03 -2.21±0.11 
Declining trees -0.16±0.03 -2.12±0.11 
Table II.2 Average (± SE) pre-dawn and midday water potentials of healthy and declining beech trees in 
Fontainebleau state forest in June and August 2011 and May and August 2012. 
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Branch xylem embolism 
Healthy and declining trees had similar PLCs at all sampling dates (P<0.05, Figure II.4). 
Between April 25
th
 and May 29
th
, the PLC in both groups decreased significantly, from 35.5% 
to 20.1% (Figure II.4), but it did not show any significant variation in September. Regarding 
vulnerability to water-stress induced cavitation, the parameters describing the curves did not 
differ significantly between healthy and declining trees (P>0.05). Average values, considering 
all trees, were P12 -2.3 MPa, P50 -3.0 MPa, and P88 -3.6 MPa, and the average slope of the 
linear part of the curve was 87.3 PLC MPa
-1
 (Figure II.5). 
  
 
Figure II.4 Average percentage loss of conductivity (± SE) in young branches (1-2 years 
old) of healthy (H, black) and declining (D, grey) Fagus sylvatica trees in Fontainebleau 
state forest (France) during the 2012 growing season. Letters correspond to the results of 
Wilcoxon-Mann-Whitney (WMW) sum rank tests. Different letters indicate significant 
differences between dates (P<0.05). 
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Discussion 
How does health status affect stem radial growth and its response to climatic conditions, 
at the seasonal and interannual scales? 
Greater growth rates and a longer growing season in 2012 led to increased growth 
compared to 2011, in healthy and declining trees. The stem radial growth differences can be 
explained by climatic conditions: in 2012, precipitation events were frequent and evenly 
distributed (Figure II.1b), leading to high water availability throughout the growing season, 
whereas 2011 was marked by a dry spring (Figure II.1a) which probably imposed a hydric 
limitation on growth. Indeed, it has long been demonstrated that low water availability can 
impose growth limitations via a decrease in turgor pressure: Hsiao (1973), reviewing the 
response of plants to water stress, already described this effect more than 40 years ago. More 
 
Figure II.5 Average cavitation vulnerability curves of healthy and declining Fagus sylvatica trees. 
The symbols represent the measured values of percentage loss of conductivity (± SE, n=5), and the 
dashed lines represent the model fitted as described in the Materials and Methods section. 
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recently, Zweifel et al. (2006), investigating the intra-annual growth patterns of different tree 
species (notably beech) growing on dry sites in the Alps, showed the importance of the 
drought sensitivity of turgor-related cell expansion in intra-annual stem radial growth 
patterns. 
As expected, we observed significantly less growth in declining trees than in healthy 
ones. Numerous studies have presented similar observations, sometimes long before the 
appearance of crown-level symptoms : studying silver fir dieback in Slovenia, Torelli et al. 
(1986) noted that declining trees exhibited narrower rings at least 10 years before the 
occurrence of the first crown-level symptoms of decline. Jenkins and Pallardy (1995), 
Pedersen (1998) and Demchik and Sharpe (2000) made similar observations of north-
American oak species experiencing high mortality following recurrent droughts: growth 
decreased up to 20 years before mortality. More recently, Bréda and Badeau (2008) showed in 
a meta-analysis that following severe droughts, the stem radial growth of some trees was 
permanently decreased. Even when the decline or mortality event cannot be related 
exclusively to dry conditions, affected trees can show decreased growth, as shown by 
Amoroso et al. (2012) in a study of declining Austrocedrus chilensis. The decreased annual 
growth of declining trees we observed is consistent with data already obtained from other 
trees at the same site (Silva 2010), which showed that currently declining trees had exhibited 
a decreased stem radial increment since 1959. 
The average growth difference between healthy and declining trees was greater in 2012 
than in 2011. Declining trees thus seem to have a weaker response to interannual climatic 
variations than healthy trees. Silva (2010) also observed that declining trees displayed reduced 
interannual variations since the dry year of 1996, when crown-level symptoms of decline 
appeared. Pedersen (1998) observed a similar reduction of interannual growth variations 
during the years preceding tree death in North American oaks. However, the long term studies 
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of Amoroso et al. (2012) and Klein et al. (2014) showed the opposite trend: declining trees 
showed a stronger response to interannual climatic variation than healthy trees.  
 
Is the growth reduction associated with altered foliar functioning? 
The LMA, percentage of N, δ13C of total organic matter and stomatal densities were all 
similar in healthy and declining trees. The observed phenological variations of the measured 
parameters were consistent with those reported in the literature (Wang et al. 2008; Fotelli et 
al. 2009; Maunoury-Danger et al. 2010). 
Taken together, these parameters give us a partial image of the foliar functioning of the 
two groups. The δ13C of the total leaf organic matter is known to be related to the tree’s water 
use efficiency (Farquhar et al. 1989). Combined with the stomatal densities, N content, and 
the pre-dawn and midday water potentials, it gives us a proxy for stomatal conductance, 
which is probably similar in healthy and declining trees. This result is not in agreement with 
observations made at the canopy level in Populus tremuloides by Anderegg et al. (2014): 
aspen canopies in healthy plots had higher stomatal conductance than the canopies in 
declining plots. However, this apparent contradiction could stem from differences in spatial 
scales: while Anderegg et al. (2014) studied aspen decline at the plot level, we focused on 
individual trees growing in the same plot. It would therefore be highly interesting to apply 
Anderegg et al.'s (2014) approach to healthy and declining beech plots to enable a proper 
comparison. Concerning the photosynthetic apparatus, the LMA and N contents of leaf 
organic matter are known to be related to the biochemical leaf photosynthetic capacities 
(Evans 1989; Poorter et al. 2009). As a consequence, the C assimilation capacity at leaf level 
is likely to be similar in healthy and declining trees. Thus the observed growth reduction in 
declining trees is probably not associated with altered leaf functioning but rather with a 
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reduction of carbon uptake due to a reduced leaf area per tree (indirectly quantified here by 
the crown loss index), as demonstrated in poplars by Anderegg et al. (2014). 
 
Is altered seasonal growth in declining trees related to a dysfunction in reserve 
mobilization and/or storage? 
There is a lack of information concerning the nitrogen relations of declining trees. The 
only studies relevant to this subject in the literature deal with soil nitrogen absorption and 
partitioning by trees during experimental droughts (Fotelli et al. 2002; Fotelli et al. 2004; 
Geßler et al. 2004; Peuke and Rennenberg 2004). In our study, health status had little effect 
on N reserve concentrations and dynamics. The measured protein concentrations were within 
the ranges reported by Bazot et al. (2013) and Gilson et al. (2014) for temperate oaks. 
Similarly, the percentage of N in sun-exposed leaves was similar in healthy and declining 
trees, and within the range reported in the literature (Påhlsson 1992; Bussotti et al. 2005). N 
limitation is therefore unlikely at our study site, and is probably not significantly implicated in 
beech decline. The results from literature are rather contradictory, and are not directly 
comparable to those presented in this paper. Even during the moderate drought year 2011, leaf 
N and protein contents were similar in declining and healthy trees, an observation consistent 
with previous results. Indeed, Fotelli et al. (2002) found no effect of drought on the protein 
nitrogen content of beech seedlings. Moreover, Fotelli et al. (2004) and Peuke and 
Rennenberg (2004) observed no effect of drought on nitrogen assimilation in beech seedlings. 
However, Fotelli et al. (2002) and Geßler et al. (2004) showed that under dry conditions, 
nitrogen absorption by beech trees was reduced.  
Young branches of declining trees had less C reserves than healthy ones following the 
constraining 2011 growing season, a reserve deficit caused by lower starch concentrations in 
the declining trees. A reduction of C starch concentrations following a drought was 
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documented in the stems of beech trees that had suffered defoliation during the 2003 heat 
wave and drought (Bréda et al. 2006). Similar observations were made in Mediterranean 
forest trees: a clear association between drought-induced defoliation and lower C reserve 
concentrations in Quercus ilex was observed (Galiano et al. 2012; Rosas et al. 2013). In our 
study, this difference in C reserve concentrations was still present at the following budburst. 
However, after the moist 2012 growing season, C reserve concentrations in young branches of 
healthy and declining trees were similar (Figure II.2a). It therefore seems that in 2012, 
declining trees made a functional adjustment at the tissue level by storing more C reserves in 
young branches than healthy trees. The reduced stem radial growth of declining trees was 
therefore associated with differences in reserve concentrations between budburst and 
yellowing. This relationship between growth and C reserves can be examined more precisely 
by correlating stem radial growth and reserve replenishment of individual trees during the two 
contrasted growing seasons. In 2011, stem radial growth was positively correlated with the 
replenishing of C reserves in young branches (Figure II.3): the more a tree grew, the greater 
the increase of C reserve concentrations during the growing season. This correlation was 
however not significant in 2012. Declining trees in fact increased their stem radial growth 
between 2011 and 2012 to a lesser extent than healthy trees, while increasing the 
replenishment of their C reserves in stems and young branches between the two years. In 
beech, C reserve storage and growth were concomitant for both healthy and declining trees in 
2011 and 2012 (data not shown). Barbaroux and Bréda (2002) and Scartazza et al. (2013) 
similarly showed that in beech, growth and C reserve formation were not disconnected. 
Nevertheless it was noticeable that in 2012, the growth of declining trees stopped almost two 
weeks before that of healthy trees (Figure II.1a; beginning of August in declining trees and 
mid-August in healthy trees). Net C assimilation at the tree level has been shown to occur 
from May to September in beech (Lebaube et al. 2000; Pilegaard et al. 2001). Thus, the 
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assimilated C could be stored after the cessation of growth, explaining the higher increase of 
C reserve concentrations in branches of declining trees. The concomitance of growth and C 
storage at the beginning of the growing season confirmed the active nature of C reserve 
formation, as described by Chapin et al. (1990), whereas C storage is likely to become a 
passive process after the cessation of growth. However, if the stem radial growth of declining 
trees was actively down regulated, C reserve formation at the end of the 2012 growing season 
could be considered semi-active, as described by Dietze et al. (2014). 
 
Is water transport altered by health status during the growing season? 
Similar pre-dawn water potentials in healthy and declining trees in both 2011 and 2012 
indicate that the trees probably have similar access to soil water resources (Ritchie and 
Hinckley 1975). This finding is consistent with that presented by Silva (2010): the local 
variability of soil depth around beech trees growing in the same plot (as in this paper) was not 
spatially correlated with the pattern of decline. Our results showed similar native embolism 
levels throughout the growing season in healthy and declining trees, well below levels lethal 
to beech (PLC around 90% Barigah et al. 2013). Moreover, healthy and declining trees also 
had similar vulnerabilities to cavitation, well within the range reported for beech (Wortemann 
et al. 2011). As a consequence, our data suggest that hydraulic failure sensu stricto (without 
considering the potential interactions with C metabolism) is probably not a chronic functional 
mechanism involved in beech decline in Fontainebleau state forest. However, hydraulic 
failure during an extreme dry year such as 2003 leading to observed loss of young branches in 
declining trees cannot be excluded. In this species, the xylem function seems to fail only 
under very prolonged and extreme hydric stress (Barigah et al. 2013, study on saplings).  
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Potential interaction between C and hydraulics 
Sala et al. (2012) exposed that the hydraulic and C systems of trees are likely to interact 
with each other. Since declining trees had less C reserves than healthy ones in young branches 
at the end of the constraining 2011 growing season, it is possible that, in the case of a more 
severe drought, or of recurrent droughts, declining trees could fail to maintain sufficient C 
reserve concentrations in other storage compartments in order to ensure the beginning of the 
following growing season, and to ensure proper osmoregulation of the xylem sap, and 
consequently suffer from C-related hydraulic failure. Indeed, the importance of sufficient C 
reserve concentrations in the maintenance of the xylem transport via osmoregulation 
processes has recently been demonstrated: Sevanto et al. (2014) showed that under drought 
conditions, hydraulic failure in Pinus edulis might be associated with a loss of C reserve 
content required for osmoregulation, in turn promoting hydraulic failure. A study of within-
crown variability of both C reserves and hydraulic function could clarify the link between 
these two aspects of tree function, and improve our understanding of the increased fine branch 
mortality observed in declining trees.  
In conclusion, this study documents tree functional responses after a long-term, drought-
related decline in beech, at the individual level. Declining trees were characterized by growth 
clearly lower than that of healthy trees. This decrease is linked to reduced carbon assimilation, 
mainly due to a thinned canopy rather than an impairment of leaf function. During a favorable 
year following a constraining one, their growth recovery was limited especially by the length 
of the growing season. This apparent limitation could in fact be beneficial, by allowing a 
seasonal recovery of the reserve content in wood tissue. With the exception of growth, 
functioning of declining trees is globally still close to that of healthy trees for the surviving 
tissues (for C, N and hydraulic functionning). This study concerned favorable or moderately 
stressful years, and should be completed by examining tree functioning during an extremely 
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constraining year, when hydraulic and reserve dynamics are probably impacted to greater and 
different extents. 
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Abstract 
Key message This study documents the stem ecophysiology during the non growing season 
in a context of tree decline, and provides evidence of structural change of the living tissue. 
 
Abstract Tree decline is an increasing problem associated with changing climate. However, 
gaps in our knowledge of the functional mechanisms underlying tree decline prevent relevant 
predictions on future tree health. In particular, the ecophysiological processes determining 
tree survival in winter remain poorly documented. In this paper, we investigate several aspects 
of tree functioning during winter in the aboveground woody compartment of healthy and 
declining beech (Fagus sylvatica L.) trees. Trees of contrasted health status showed very close 
frost hardiness and maintenance respiration rates. Carbon (soluble sugars and starch) and 
nitrogen (soluble proteins and amino acids) reserve concentrations and dynamics were also 
mostly similar. However, the health status of the trees was associated with structural 
differences in the storage tissue. Indeed, declining trees had a greater proportion of radial 
parenchyma in the xylem than healthy trees, leading to less efficient reserve storage in 
declining tree per unit of parenchyma area. Moreover, the shape of parenchyma rays was 
different between healthy and of declining trees, as indicated by a significantly higher ray 
width/ray length ratio in declining trees compared to healthy ones. This difference in living 
tissue anatomy was correlated to ring widths and wood densities, suggesting the existence of 
structural constraints on the formation of parenchyma rays imposed by growth characteristics 
These structural features could alter the functional connexion between the parenchyma cells 
and the conducting tissues (xylem and phloem), hindering the ability of the tree to recover 
from embolism and/or impact the remobilisation of reserves. These results suggest that 
functional anatomy could be an interesting approach to better understand the mechanisms 
underlying tree decline and morality. 
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Introduction 
Tree decline consists in a set of symptoms resulting from complex associations of biotic 
and abiotic stressors (Manion 1981). Some of these stressors might, in certain regions, be 
enhanced by global change. For instance, droughts and pest-related damage in temperate 
climates might become more intense and more frequent (Lindner et al. 2010; 
Intergovernmental Panel on Climate Change 2014). Despite this probable increase of short-
term stressors, their overall impact on tree health and vigour in the long term remains unclear. 
To reduce this uncertainty, it is necessary to develop a better understanding of the functional 
mechanisms underlying tree decline and mortality (Bréda and Badeau 2008; Sala et al. 2010). 
A growing number of studies have investigated the ecophysiological responses of trees to 
moderate or severe droughts. Our current understanding of drought-related tree decline and 
mortality is that it probably involves imbalances and/or malfunction in the storage and 
transport systems of water and carbon (C) reserves (McDowell et al. 2008; Sala et al. 2010; 
McDowell 2011). However, studies of tree decline and mortality in temperate climate mostly 
deal with the processes occurring during the spring and summer (referred to here as the active 
season) (Anderegg et al. 2014, Montwé et al. 2014, Zang et al. 2014, Moulinier et al. 2014, 
Saffell et al. 2014, among others). 
In temperate climates, species have to use conservative physical and physiological 
strategies to survive during winter (Kreyling 2010). An example of such physical conservative 
strategies is the deciduous behavior of some woody species (Kreyling 2010). In deciduous 
species, the absence of leaves during the several months of winter implies that trees rely on 
their C reserves to maintain their living tissues (Chapin et al. 1990). In tree stems, C reserves 
are stored in parenchyma cells (Tromp 1983). The volume of parenchyma in the xylem and 
phloem is considered a good estimate of the potential maximum storage capacity of the tree 
(Spicer and Holbrook 2007). Additionally, parenchyma in the xylem forms a three-
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dimensional lattice, and play a crucial role in the remobilization and translocation of C 
reserves (Spicer 2014). An alteration of the reserve remobilization and translocation processes 
could hinder tree survival in the long term (Sala et al. 2010). Moreover, a potential association 
between tree vitality and parenchyma ray abundance has been recently suggested (Fonti et al. 
2015). The volume and functional state of parenchyma cells could therefore play an important 
role in a context of tree decline. It can be hypothesized that declining trees could have less 
parenchyma in the xylem, meaning that their potential maximum storage capacity would be 
lower than the one of healthy trees, but also that their ability to remobilize and redistribute 
reserve compounds could be altered. 
The roles played by parenchyma imply that they must be physiologically active. As such, 
they require maintenance, i.e. a minimum metabolism has to be kept to ensure the turn-over of 
enzymes and the integrity of the cellular structure (Ryan 1990). During winter, tissue 
maintenance also includes the maintenance of soluble sugar and other metabolite and/or ion 
gradients to ensure cold hardening (Ögren 2000). Maintenance respiration provides the energy 
to fuel these processes (Penning de Vries 1975). Internal factors impacting the intensity of 
maintenance respiration include the physiological state of the organ studied and the soluble 
sugar concentrations (Ögren 2000). For woody stems, the maintenance respiration rate has 
been related to the N content of the xylem (Ceschia et al. 2002) and the quantity of living cells 
in the xylem (Ceschia et al. 2002). If declining trees have less living tissue in the xylem than 
healthy ones, as hypothesized above, a lower maintenance respiration rate could be expected. 
Maintenance respiration uses C reserves as substrates to produce energy. C reserves, and 
particularly soluble sugars, are thus crucial components for trees during winter, as they act as 
energy sources for maintenance respiration (Ögren 2001). The carbon relations of trees during 
winter therefore have potentially strong implications for their long-term survival. 
Furthermore, C and N reserves provide energy and materials during the growth flush early in 
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spring, until the new leaves reach autotrophy (Barbaroux and Bréda 2002). The ability to store 
and remobilize C and N reserves therefore determines the ability of the tree to resume growth 
in spring (Tromp 1983). A modification of the ability of the tree to store and/or remobilize C 
and N reserves could thus also have a negative impact on the spring flush. Tree decline is 
potentially associated with altered C reserve storage and/or remobilization processes 
(McDowell et al. 2008; Sala et al. 2010). More precisely, the reduced leaf area of declining 
trees, potentially associated with limited water transport, can lead to drastic reductions of 
whole-tree photosynthetic C assimilation (Anderegg et al. 2014). In parallel, processes related 
to phloem loading and transport could be negatively affected, leading to a reduced ability to 
remobilize stored reserves (Sala et al. 2010; McDowell 2011). So far, the C reserve 
concentrations and dynamics have been investigated mainly during the active season, but 
reserve use in winter for maintenance processes has seldom, if ever, been specifically 
assessed. 
Carbohydrates, and more precisely soluble sugars, have also a direct and major role in 
the cold hardening process (Sakai 1962). More precisely, sucrose acts as a stabilizing agent 
for cellular membranes by direct interaction with lipids, preventing mechanical damage linked 
with dehydration when most of the liquid water is located outside the cell (Charrier and 
Améglio 2011). Sufficient amounts C reserve are therefore essential for proper cold 
acclimation (Charrier and Améglio 2011). Additionally, some amino acids and proteins also 
contribute to cold hardening (Janská et al. 2010). Moreover, the positive correlation between 
whole-plant N content and cold hardiness observed by Oliet et al. (2013) suggests a potential 
role of N reserve compounds in winter survival. Altered C and N reserve amounts and/or 
dynamics, could therefore impact the cold hardening of declining trees, making them more 
prone to frost-induced damage than healthy trees. 
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Despite their potential importance, no study has specifically investigated the processes 
occurring during the dormant season in temperate trees in a context of long term decline. In 
this study, we investigated different aspects of stem ecophysiology during the leafless season 
by addressing the following questions: 
i. Is tree decline associated with differences in structure and proportion of living 
tissue in the stem xylem?  
ii. Is the maintenance respiration of these living tissues altered with tree decline?  
iii. Is the maintenance of the stem living tissue supported by equivalent C and N 
reserve concentrations and dynamics in healthy and declining trees? 
iv. Is cold hardening of living cells impaired by tree decline? 
To answer these questions, stem CO2 efflux, frost resistance, starch, soluble sugar, 
protein and amino acid contents were compared between declining and healthy beech trees 
during the non growing season. In parallel, ray anatomical structure and proportion were 
examined and related to other ring characteristics. 
 
Materials and methods 
Site and stand description 
The study was carried out in Fontainebleau state forest, France (48°22’ N, 02°36’ E, 
mean elevation 120 m a.s.l.). This forest extends over 17, 000 ha, 60 km southeast of Paris. 
The climate is temperate, with a mean annual temperature of 10.6°C and mean annual 
precipitations of 749 mm, well distributed throughout the year (average on the 1960-2010 
period). The soil texture is dominated by Stampian sand mixed with loam and clay at different 
depths. The study site is a mature, monospecific beech (Fagus sylvatica L.) stand, where 
mean tree age in 2011 was 95 years and dominant height 27 m, showing heavy signs of 
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decline since the late 1990’s. Trees were growing on a rather shallow podzoluvisol soil (mean 
depth 0.6 m), with a C/N ratio of 18.7 and extractible soil water content of 101 mm. 
 
Experimental design 
Five healthy and five declining trees were selected using the DEPEFEU (DEPErissement 
des FEUillus) protocol (Nageleisen and Goudet 2011), developed by the French National 
Forest Office (Office National des forêts, ONF). These two categories corresponded to trees 
with dense crowns and abundant fine ramification (healthy trees), and with very transparent 
crowns, only one or two main branches remaining and very limited fine ramification 
(declining trees). On these trees, yellowing (50% of senescing leaves in the upper third of the 
crown) and budburst (50% of broken buds in the upper third of the crown) were monitored as 
described in Delaporte et al (2015, submitted). 
During the 2011 dormant season, stem maintenance respiration was measured at 4 
different dates (2011/02/18, 2011/03/11, 2011/03/16, 2011/03/25), corresponding to 
increasing ambient temperatures. C and N reserves were measured at yellowing and in the 
middle of winter in 2011 (2011/11/02 and 2011/12/14 respectively) and at the following 
budburst in 2012 (2012/05/02 or 2012/05/09 depending on the trees). For each of these dates, 
we sampled 2011 and 2010 light growth units with a shotgun, two trunk cores containing 
phloem and xylem (at breast height, i.e. 1.30 m). To assess the quantity of living cells in the 
xylem, a ca. 8 cm. long stem core was sampled at breast height in March 2011. For ring width 
and wood density measurements, the trees were cored to the pith in June 2011. 
Samples were brought back in a cooler to the laboratory, where they were weighted for 
fresh weight. They were then immediately placed in a -80°C freezer. The samples destined for 
carbohydrates analysis were lyophilized for seven days, and weighted for dry weight just after 
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freeze-drying to estimate humidity content for each organ. The samples destined for protein 
assessment were kept frozen until analysis. 
 
Wood characteristics and anatomy 
Increment cores for living cells assessments were freeze-dried, cut tangentially with a 
sliding microtome at increasing distances from the cambium (0,1, 4 and 7 cm), and stained 
with Coomasie blue to reveal living cells. Coomassie blue dyes only the proteins of the 
cytoplasm. The living cells are therefore dyed blue, while dead cells remain colorless. The 
resulting slides were photographed under a macroscope (Nikon AZ100, Nikon Instruments, 
Japan), and the photographs were processed with the ImageJ software (National Institutes of 
Health, USA). For each slide, the number and total area of parenchyma rays per xylem area 
were measured in three different fields (2.4 mm in diameter). In each of these fields, three 
parenchyma rays were chosen for length and width measurements. These measurements were 
then averaged for each tree. 
The increment cores reaching the pith were analyzed by indirect X-ray densitometry 
(Polge 1966). The resulting X-ray films were scanned at 1000 dpi resolution, with 8 bits 
depth. The digital images were processed with WinDENDRO. Width and density of ring were 
measured. The ring width and wood densities were averaged over the last five and ten years. 
Additionally, we computed averages for the 1976-2003 and 2003-2010 periods, 1976 and 
2003 corresponding to the last major drought events. 
 
Stem maintenance respiration 
Stem maintenance respiration was measured during the 2011 winter season, at 4 different 
dates corresponding to 4 different mean temperatures (3, 12, 16 and 19°C). We used an Infra-
Red Gas Analyzer (EGM-4, PP Systems, USA), and adapted a PP systems soil respiration 
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chamber to trunk respiration measurements. A polyvinyl chloride base was attached on each 
tree trunk, oriented South-East (where all the trunk were flat enough to achieve air tightness). 
The soil respiration chamber was then placed on the base, sealed with Terostat-VII (Teroson, 
Henkel, Germany), and held in place with a tie-down ratchet strap. Each measurement lasted 
three minutes, during which the accumulation of CO2 in the chamber was monitored every 
minute as an elevation of CO2 concentration. Temperature was noted at the beginning of each 
measurement. Between three and five measurements per tree were performed on each date. 
Respiratory flux R (µmol m-2 s
-1
) was computed as follows: 
𝑅 =
[𝐶𝑂2] ∗
𝑉𝑐
𝑉 𝑚
𝑆 ∗ 𝑡
 
Where the CO2 concentration in the chamber is expressed in ppm, Vc (volume of the 
chamber) in m
3
 Vm (air molar volume) in m
3
 mol
-1
, S (trunk surface covered by the chamber) 
in m
2
, and t (duration of the measurement) in s. 
From the respiratory flux data at different temperature, the Q10 (the factor by which the 
respiratory flux is multiplied for a 10 °C temperature elevation) was determined using the 
following relationship: 
𝑅𝑇 = 𝑅15. 𝑄10
𝑇−15
10  
Where RT and R15 are the respiratory flux at temperature T (in °C) and at 15°C 
respectively, expressed in the same units as above. 
 
Non structural carbohydrates 
Soluble sugars and starch were extracted from 10 mg (± 0.5 mg) of finely grounded dry 
matter of 2011 and 2010 growth units, phloem, 0.5 outermost cm of xylem. Grounding was 
achieved with a ball mill (MM 301, Retsch, Germany) using 5 mm balls and shaking at 30 Hz 
three times for 2 min. Soluble sugars were extracted twice with 1 mL of boiling 80% ethanol. 
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These 2 mL were pooled and centrifuged. The supernatants and the pellets containing starch 
were dried in a centrifugal vacuum concentrator to remove ethanol (Centrivap, Labconco, 
USA). Soluble sugars and the pellets containing starch were then rehydrated with 0.02 N 
NaOH. Glucose, fructose and sucrose were assessed enzymatically with the method described 
in (Barbaroux et al. 2003; Brummer and Cui 2005). Starch was quantified as glucose 
equivalents, with the enzymatic method described in the same two articles as for soluble 
sugars. 
 
Total non-structural nitrogen 
Soluble proteins were assessed in the 2011 and 2010 growth units, the phloem, the 1.5 
outermost cm of xylem with an adaptation of a protocol described in (Bahrman et al. 1997). 
400 mg of fresh matter were grounded in liquid nitrogen. The proteins were then precipitated 
with 10 mL of precipitation solution (acetone, 10% TCA and 0.07% β-mercapto-ethanol). 
After a night at -20°C, the extracts were centrifuged (15 min, -4°C, 12000 xg), and the 
supernatants eliminated. The remaining pellets were rinsed with 10mL 0.07% β-mercapto-
ethanol in acetone, incubated 1 hour at -20°C, centrifuged (30 min, 4°C, 12000 xg), and the 
supernatants were again eliminated. The pellets were dried in a centrifugal vacuum 
concentrator (Centrivap, Labconco, USA). 10 to 20 µL by mg of pellet of a solubilization 
solution (7M urea, 2M thiourea, 100mM DTT, 4% CHAPS, 0.4% Tritonx100 in water) were 
added. After a 30 min sonication, the tubes were centrifuged (30 min, 15°C, 12000 xg), and 
the supernatants were transferred in other tubes. 
Proteins were assessed in these supernatants by the Bradford method (Bradford 1976). 
Bradford reagent (BioRad Protein Assay, BioRad, USA) was diluted four times, and 3.5 mL 
of the diluted dye reagent were added to 10 µL of the protein extract mixed with 10 µL of 
HCl 0.1 N and 80 µL of distilled water. After 15 min in the dark, absorbance was read at 595 
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nm with a spectrophotometer (UVIKON 938, NorthStar, UK). Protein concentration was 
calculated using solutions of increasing ovalbumine concentrations as a standard. 
 
Frost hardiness 
Branches 30 to 50 mm long were sampled during the 2012-2013 winter (2013/01/29) 
with a shotgun for frost hardiness quantification. Three replicates were made for each tree. 
The electrolyte leakage test was used to estimate the semi-lethal temperatures of branch 
segments, as described in Charrier & Améglio (2011). The test is based on the fact that 
damage to cellular membranes results in electrolyte leakage from the cells. Briefly, 5-cm-long 
branch segments were submitted to four sub-zero temperatures (-5°C, -10°C, -20°C and -
30°C). Additionally, one control segment was kept at +5°C and a lethal control segment was 
frozen at -80°C. Electrolyte leakage was quantified by measuring the conductivity of a 
solution in which the branch segments were shaken (C1). This conductivity was compared to 
the conductivity of this same solution after being autoclaved at +120°C for 30 minutes (C2). 
The relative electrolyte leakage (REL) was expressed as: 
𝑅𝐸𝐿 =  
𝐶1
𝐶2
∗ 100 
 
Statistical analysis 
Data were analyzed with R software (http://www.r-project.org/ ). 
Q10 and R15 were determined by fitting a non-linear model to our data with the least 
squares method, using the nls function in r. Two methods were used: either one model was 
fitted for each health status, or one model was fitted for each tree. Models obtained with the 
first method were fitted on more data points than those form the second one, making the 
estimates more robust. However, the second method enabled us to test for a health status 
effect one Q10 and R15. 
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Semi-lethal temperatures (LT50) were determined by fitting one logistic model per tree 
to the data from the electrolyte leakage test, as described in Charrier & Améglio (2011). 
The effect of health status onQ10, R15, LT50 and reserve concentrations was tested with 
Student’s t-tests. To assess a potential difference of reserve dynamics between healthy and 
declining trees, three synthetic variables were calculated: the difference between the winter 
and yellowing concentrations (reserve use at the beginning of the leafless season), the 
difference between the budburst and winter concentrations (reserve use during the second part 
of the leafless season), and the difference between the yellowing and budburst concentrations 
(reserve use during the whole leafless season). The effect of health status on these three 
variables was tested with Student’s t-tests. Physiologically relevant correlations between 
variables were tested with Pearson’s method. Tests were considered conclusive at P<0.05. 
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Results 
Living tissue and structural characteristics in the xylem 
Radial parenchyma represented a significantly lower (P<0.05) proportion of wood 
surface on tangential section in healthy trees (19.6±1.7 %) compared to declining trees 
(25.9±3.0 % Figure III.1a). On average, this proportion did not vary with increasing distances 
from the cambium (Figure III.1a). However, the number of rays per area significantly 
increased with increasing distances from the cambium (P<0.05, Figure III.1c), while the mean 
surface per ray decreased from 2.5±0.2 mm
2
 at the cambium to 1.9±0.3 mm
2
 7 cm away from 
 
Figure III.1 Evolution of the proportion of parenchyma rays in percentage of wood surface (a), the aspect 
ratio of parenchyma rays on tangential cut (b), the number of parenchyma ray per area (c), and the mean 
area of one parenchyma ray (d) with increasing distances from the cambium (0 cm, 1 cm, 4 cm and 7cm) in 
healthy (H, black) and declining (D, grey) beech trees growing in the Fontainebleau state forest (France). 
Error bars represent SE (n=5). 
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the cambium (P<0.05) in both health statuses (Figure III.1d). The shape of radial parenchyma 
rays differed between healthy and declining trees. Healthy trees had long and thin rays (Figure 
III.2a), whereas the parenchyma rays in declining trees were short and wide (Figure III.2b). 
The aspect ratio of radial parenchyma rays (mean ray width/ray length) was therefore higher 
in declining trees (P<0.05, Figure III.1b). The aspect ratio of radial parenchyma rays was not 
affected by the distance of the cut from the cambium (Figure III.1b). Neither ray length nor 
ray width was significantly different between healthy and declining trees. 
Concerning structural wood features, the mean ring width of declining trees was 
significantly lower than the one of healthy trees, whatever the chosen period (Table III.1). The 
mean ring densities were however similar for healthy and declining trees for all the studied 
time intervals (Table III.1). 
 
Figure III.2 Examples of tangential section used for the measurement of parenchyma rays in healthy (a) and 
declining (b) beech trees. 
 
Period Healthy trees Declining trees 
Ring width (mm) Last 5 years 1.64 ± 0.28 0.83 ± 0.24 
 
Last 10 years 1.64 ± 0.31 0.86 ± 0.21 
 
2003-2010 1.57 ± 0.30 0.82 ± 0.22 
 
1976-2003 2.47 ± 0.47 1.40 ± 0.35 
Average ring density Last 5 years 0.60 ± 0.02 0.56 ± 0.0.2 
 
Last 10 years 0.61 ± 0.02 0.57 ± 0.02 
 
2003-2010 0.59 ± 0.02 0.56 ± 0.02 
 
1976-2003 0.66 ± 0.02 0.64 ± 0.02 
Table III.1 Mean (± standard errors) ring widths and densities of healthy and declining 
beech trees growing in the Fontainebleau state forest (France). 
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Maintenance respiration and frost hardiness 
Stem maintenance respiration was expressed either per stem area, or per living cell area. 
In both cases, it was similar for healthy and declining trees at each measurement date (Figure 
III.3). The respiration rate per stem area normalized at 15°C (R15), as estimated by fitting one 
 
Figure III.3 Response of the maintenance respiration (R, µmol m-2 s-1) of healthy (black circles) and 
declining (grey triangles) beech trees to temperature in Fontainebleau state forest (France), either 
expressed per stem area (a), or per living cell area (b). Models fitted over the respiration data are 
represented by a solid line (healthy trees) and a dashed line (declining trees). Error bars represent SE 
(n=5). 
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model per tree, was 0.53±0.04 µmol CO2 m
-2
 s
-1
 for healthy trees and 0.48±0.15 µmol CO2 m
-
2
 s
-1
 for declining trees, which was not significantly different. The factor by which the 
respiratory rate increased for a 10°C increase in temperature (Q10) was similar for healthy 
(4.60±0.49) and declining trees (3.55±0.46) when expressed per stem area. Similar 
estimations of Q10 and R15 were obtained when respiration rates were expressed per living cell 
area. Fitting one “mean” model per health status resulted in similar estimations of Q10 and R15 
(Data not shown). 
Frost hardiness was quantified by the temperature causing the death of 50% of living 
cells (LT50), as measured by the electrolyte leakage test. Health status had no significant 
effect on LT50 values (Figure III.4): LT50 were 32.8±1.2°C and -32.6±0.7°C for healthy and 
declining trees respectively. The slopes of the logistic curve were also similar for the two 
health statuses (Data not shown). 
 
 
Figure III.4 Temperature response of the percentage of dead cells as assessed by the electrolyte 
leakage test in healthy (black circles) and declining (grey triangles) beech trees. Error bars represent 
SE (n=5). 
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C reserves 
TNSC concentrations differed between healthy and declining trees only in the 2010 
branches at yellowing (P<0.05), and were otherwise similar (Figure III.5). In the phloem, 
TNSC concentrations decreased more in healthy trees (75.2±11.4 %) than in declining trees 
 
Figure III.5 Concentrations of carbon reserves in healthy (H) and declining (D) beech trees in the 
Fontainebleau state forest (France), at yellowing and in the middle of winter in 2011, and at the following 
budburst in 2012 in the 2011 branches (a), the 2010 branches (b), the phloem (c), the xylem (d). Carbon 
reserves are divided in glucose (slanted stripes), fructose (straight stripes), sucrose (squares) and starch (solid 
grey). The error bars represent SE. 
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(51.6±4.9 %) between leaf yellowing and the following budburst (P<0.05). In the other organs 
studied, TNSC dynamics were similar in healthy and declining trees (Figure III.5). Starch 
concentrations were lower in declining trees than in healthy trees at yellowing in the 2011 and 
2010 branches, and at the following budburst in the 2010 branches (Figure III.5 a and b). 
Health status had no significant effect on starch concentrations in the other organs studied 
(Figure III.5). Starch concentrations decreased steadily during the whole leafless season in 
2011 and 2010 branches. In the stem phloem and xylem, starch concentrations decreased 
between yellowing and the middle of winter, and increased thereafter (Figure III.5 c and d). 
Total soluble sugar concentrations were similar for healthy and declining trees in all the 
organs studied, whatever the date (Figure III.5). When separated between glucose, fructose 
and sucrose, no consistent concentration difference was found between healthy and declining 
trees. The soluble sugars dynamics were mainly similar between healthy and declining trees. 
Soluble sugar concentrations increased between yellowing and the middle of winter, and 
decreased between winter and the following budburst (Figure III.5). Only one exception was 
found for glucose in the stem xylem: between yellowing and the middle of winter, glucose 
concentrations increased more in declining trees than in healthy trees (P<0.05, Figure III.5d). 
When starch and TNSC concentrations were divided by the proportion of living cells, no 
difference was found between healthy and declining trees for starch, whatever the date (Data 
not shown). For TNSC, however, at yellowing, healthy trees appeared to store more C 
reserves for a given living cell area than declining trees (Data not shown). 
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N reserves 
Whatever the sampling date, TNSN concentrations were mainly similar for healthy and 
declining trees. The only differences were found in the 2011 branches at yellowing, where 
healthy trees had lower TNSN concentrations (P<0.05, Figure III.6a). For soluble protein 
concentrations, healthy trees has greater soluble protein concentrations than declining trees in 
 
Figure III.6 Concentrations of nitrogen reserves in healthy (H) and declining (D) beech trees in the 
Fontainebleau state forest (France), at yellowing and in the middle of winter in 2011, and at the 
following budburst in 2012 in the 2011 branches (a), the 2010 branches (b), the phloem (c), the xylem 
(d). Nitrogen reserves are divided in soluble proteins (solid grey) and amino acids (slanted stripes). The 
error bars represent SE. 
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the 2011 branches at budburst (P<0.05, Figure III.6a). In the stem xylem, healthy trees had 
lower soluble protein concentrations than declining trees at yellowing (P<0.01, Figure III.6d). 
In the other organs studied, soluble protein concentrations were similar in healthy and 
declining trees whatever the date (Figure III.6 b, c and e). Soluble protein concentrations 
decreased in a greater extent between winter and budburst in declining trees than in healthy 
trees in the 2011 branches (P<0.05, Figure III.6a). In the other organs studied, soluble protein 
concentration dynamics were similar for healthy and declining trees (Figure III.6). Amino 
acid concentrations were significantly different for healthy and declining tree only in the 
phloem in the middle of winter (P<0.05). These concentration differences were a consequence 
of a greater increase of amino acid concentrations in healthy trees than in declining trees 
between yellowing and the middle of winter (P<0.05, Figure III.6 c and e). 
 
Relationships between structural and functional features 
Physiologically relevant correlations between the studied variables were tested. Frost 
hardiness was not correlated with amino acid concentrations, soluble sugar concentrations, or 
soluble sugar and amino acid concentrations cumulated. R15 was not correlated with C nor N 
reserve concentrations and dynamics, nor was it correlated with the proportion of radial 
parenchyma in wood or the aspect ratio of parenchyma rays. The aspect ratio of the 
parenchyma rays was however positively correlated with the TNSN concentration in the 
xylem at yellowing (P<0.05, R
2
=0.42, Data not shown). The proportion of parenchyma rays in 
the xylem on tangential cut was significantly correlated with the average density of the xylem 
of the last 5 years (P<0.01, R
2
=0.67, Figure III.7a), of the last 10 years (P<0.01, R
2
=0.62, 
Data not shown), and with the average density of the xylem of the 2003-2010 period (P<0.01, 
R
2
=0.61). However, this correlation was not significant over the 1976-2003 period (Data not 
shown). The correlation between the aspect ratio of parenchyma rays on tangential section 
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and the average ring width of the last 5 years was also found significant (P<0.05, R
2
= 0.49, 
Figure III.7b). However, the aspect ratio of the parenchyma rays was not correlated with the 
average ring width of the last 10 years, or of the 2003-2010 and 1976-2003 periods (Data not 
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shown). 
Discussion 
The purpose of this study was to examine the winter stem ecophysiological processes 
 
Figure III.7 Relationship between the proportion of parenchyma rays and the average wood density 
of the last 5 years (a), and between the aspect ratio of parenchyma rays and the average diameter 
increment of the last five years (b) in healthy (black circles) and declining (grey triangles) beech 
trees. 
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occurring in the aboveground woody compartment of mature healthy and declining beech 
trees and to relate them to potential changes in the xylem anatomy. These processes include 
frost hardening and tissue maintenance, both central to the survival of parenchyma cells (the 
living part of the xylem) during winter, and thus to the resuming of growth in spring. 
 
Abundance of radial parenchyma 
Radial parenchyma represented on average 22.8±2.0 % of the wood surface on tangential 
section. In the literature, the proportion of parenchyma rays has been reported to be around 
20% in beech wood (Burgert and Eckstein 2001; Ceschia et al. 2002). The xylem of declining 
trees contained a higher proportion of radial parenchyma than the xylem of healthy trees 
(Figure III.1a), which contradicts our initial hypothesis that declining trees would have less 
living tissue in the xylem than healthy trees. In the literature, tree vigour and the proportion of 
parenchyma in the xylem are usually positively correlated (Gartner et al. 2000; Fonti et al. 
2015). However, Fonti et al. (2015) proposed an alternative hypothesis: as under stressful 
conditions, active storage could decrease the risk of C starvation (Wiley and Helliker 2012), 
trees growing in stressful conditions could show an increased storage capacity, leading to a 
greater proportion of parenchyma rays in the xylem (Fonti et al. 2015). 
 
Proportion of parenchyma in the xylem in relation to storage 
The increased maximum storage capacity, as approximated by the proportion of 
parenchyma rays in the xylem, was not associated with consistently increased C or N reserve 
concentrations in the trees studied (Figure III.5). Conversely, declining trees tended to have 
lower TNSC concentrations, and similar TNSN concentrations than healthy trees (Figure III.5 
and 6). The observed C reserve concentrations and winter dynamics were consistent with 
values and patterns reported for beech in the literature (Barbaroux and Bréda 2002; El Zein et 
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al. 2011b; Gérard and Bréda 2012; Scartazza et al. 2013). C reserve concentrations were 
maximum at yellowing, and decreased throughout winter in the branches and xylem (Figure 
III.5 a, b and d). In the phloem, C reserve concentrations decreased during the first part of 
winter, and increased slightly at the following budburst. This increase is mainly due to an 
increase in the concentration (Figure III.5c) sucrose, which is the main circulating form of 
carbohydrates in the phloem (Zimmermann 1957). This increase could therefore be linked to 
C reserve remobilization processes in order to provide C substrates to the expanding leaves. 
At yellowing, when reserve concentrations were maximum, healthy trees stored greater C 
reserve concentrations by percent of living tissue in the xylem. This suggests that healthy 
trees store C reserves more efficiently, entailing that they could need a lower proportion of 
living tissue in the xylem than declining trees to store the same amount of C reserves. 
 
Maintenance costs 
The greater proportion of living cells in the xylem of declining trees was however not 
associated with greater CO2 efflux (Figure III.3). The measured maintenance respiration rates, 
expressed by unit of wood surface, were coherent with the range values reported in the stem 
of beech trees (between 0.2 and 0.5 µmol CO2 m
-2
 s
-1
, Ceschia et al. 2002, Damesin et al. 
2002). The response of maintenance respiration to temperature variations, as estimated by the 
Q10, was similar in healthy and declining trees (Figure III.3). C losses by maintenance 
respiration are therefore likely to be similar for healthy and declining trees throughout the 
winter. Coherent with the similar respiration rates found for healthy and declining trees, 
TNSC concentrations decreased in similar proportions in healthy and declining trees between 
yellowing and the following budburst (Figure III.5). To our knowledge, no study has 
specifically measured maintenance respiration in mature trees during decline. The available 
data in the literature comes from drought experiments. In Norway spruce, the respiration rate 
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decreased in response to a drought treatment (Hartmann et al. 2013b). Conversely, Mitchell et 
al. (2013) showed that the dark respiration rate was not affected by drought until the last 1 -2 
weeks before death in two Eucalyptus species. Both studies were carried out on young plants 
subjected to extreme experimental droughts, and are therefore not directly comparable to our 
results. 
The higher proportion of living cells in the xylem of declining trees did not lead to a 
lower respiration rate per area of parenchyma. In the literature, higher parenchyma volumes in 
the xylem can be associated with a decreased respiratory activity when expressed per volume 
of parenchyma cells (Rodriguez-Calcerrada et al. 2015). The difference of proportion of 
living cells in the xylem of healthy and declining trees (around 5%) might not be sufficient to 
induce significant changes in the respiration rates at the intra-specific level. At the inter-
specific level however; small differences of proportion of parenchyma in the xylem of three 
angiosperm tree species significantly altered the intensity of the respiration (Spicer and 
Holbrook 2007). Moreover, the stem maintenance respiration rate is usually correlated with 
the N content of the wood (Ryan 1995; Ceschia et al. 2002; Rodriguez-Calcerrada et al. 
2015). As declining trees tended to have greater N reserve concentrations than healthy trees in 
the stem xylem (Figure III.6d), healthy and declining trees had similar N reserve 
concentrations per percentage of living cells (Data not shown). Given that N reserve 
concentrations are usually correlated with the total N content of the wood (Gomez and 
Faurobert 2002), the N content of living cells is probably similar in healthy and declining 
trees, which is coherent with the similar respiration rates when expressed by surface of living 
cells. 
 
Cold hardiness 
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C reserves, and more precisely soluble sugar, act during winter both as energy sources 
and as a protection against frost damages (Charrier and Améglio 2011). Some amino acids are 
also associated with increased frost hardiness (Janská et al. 2010). C and N reserve 
concentrations have therefore a potential impact on the cold hardiness of trees (Charrier et al. 
2013). Healthy and declining trees had similar cold hardiness (Figure III.4), which is coherent 
with the generally similar soluble sugar and amino acid concentrations in both health statuses. 
Moreover, the maximum frost hardiness does not seem to be influenced by the environmental 
conditions at the intra-specific level (Bower and Aitken 2006; Charrier et al. 2011), which 
seems to hold true even in case of tree decline. The measured semi-lethal temperatures were 
in ranges with those reported for Fagus sylvatica (Charrier et al. 2013) and Fagus crenata 
(Gansert et al. 1999). The living cells of the xylem of healthy and declining trees are thus 
likely to have similar survival rates to frost events. 
 
Functional implication of the shape of parenchyma rays 
In winter, the survival of perennial organs relies both on the frost resistance of the living 
cells and on the resistance to freeze-induced embolism in the xylem vessels (Pratt et al. 2005). 
The latter was not specifically assessed in this study. In beech, the loss of conductivity usually 
increases progressively during winter (Borghetti et al. 1993; Cochard et al. 2001). Part of the 
restoration of the hydraulic conductivity is an active mechanism, relying on a positive 
pressure at the base of the stem (Cochard et al. 2001). This active mechanism could be 
dependent on the functional connexion between the living cells of parenchyma rays and the 
xylem vessels. 
The functional connexion between the living cells of the parenchyma and the conducting 
elements of the xylem might be in part determined by the characteristics of the parenchyma 
rays (Fonti et al. 2015). The shape of the radial parenchyma rays was significantly affected by 
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the health status of the trees: the parenchyma rays of healthy trees appeared as long and thin, 
whereas those of declining trees had a rounder shape (Figures III.1b and III.2). This difference 
in shape could have functional implications: as discussed in Fonti et al. (2015), parenchyma in 
the xylem works in connexion with the conductive tissues (xylem and phloem). The rounder 
shape of parenchyma rays in declining trees could mean that a lower proportion of cells in the 
rays are in direct contact with the conductive tissues. The connexion between parenchyma and 
the conductive tissues might therefore be altered in declining trees, hindering the ability of the 
parenchyma to play its role in the storage and transport of water and reserves (Fonti et al. 
2015). 
The characteristics of parenchyma rays are often linked to the structure of the xylem 
(Fonti et al. 2015). The correlations between the proportion of parenchyma and wood density 
(Figure III.7a) and between the aspect ratio of parenchyma rays and ring widths (Figure 
III.7b) confirm the existence of such a link in beech trees. Ring width and wood density are, 
like other wood structural characteristics, in part determined by processes occurring during 
the growing season (Bouriaud et al. 2004; Galván et al. 2014). Processes occurring during the 
growing season could therefore potentially impact tree functioning during winter and the 
following years, not only via the C and N allocation processes, via the permanence of xylem 
anatomical traits. 
 
Conclusion 
This study provides new insights into the winter ecophysiology of the aboveground 
woody compartment in a context of tree decline. Under temperate climates, the ability to 
survive winter is crucial for the long-term survival of trees. Healthy and declining trees had 
very similar ecophysiological characteristics (respiration rate, frost hardening, C and N 
reserve concentrations and dynamics). However, the quantity of living cells in the xylem was 
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increased in declining trees. As a result, the storage of carbon reserves in declining trees 
might require more living cells than in healthy trees for similar reserve concentrations, 
making it less efficient. Moreover, in declining trees, the functional connexion between 
parenchyma rays and the conducting elements of the xylem might be altered because of the 
different shape of parenchyma rays in healthy and declining trees. These differences in 
parenchyma abundance and structure is associated with other characteristics of the xylem 
(ring width and wood density), suggesting a role of structural constraints in the formation of 
parenchyma rays. A more thorough study of the functional anatomy of the xylem of healthy 
and declining trees could clarify the link between the shape of the parenchyma rays and their 
function. Moreover, the association of wood anatomy and ecophysiological data might help to 
develop a better understanding of the fine functional mechanisms underlying tree decline and 
mortality. Furthermore, the study of functional anatomical features in tree rings could offer a 
retrospective insight of the long-term history of tree decline. 
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Introduction 
Tree decline is a complex phenomenon, with often several biotic and abiotic causes 
interacting with one another (Manion 1981). Some of these biotic and abiotic factors, for 
example droughts and/or pest-related damages, might be enhanced in temperate regions as a 
result of global change (Lindner et al. 2010; Intergovernmental Panel on Climate Change 
2014). The effect of global change on the frequency and intensity of future tree decline and 
mortality events is however still uncertain (Allen et al. 2010). To better predict the impact of 
global change on forests, it is therefore necessary to develop a fine understanding of the 
functional mechanisms underlying tree decline and mortality (Bréda and Badeau 2008). 
Recent research on the ecophysiological responses of trees to moderate or severe droughts has 
shown that carbon (C) and/or water transport and/or storage could be altered during these 
events (McDowell et al. 2008, Sala et al. 2010, McDowell 2011, among others). So far, most 
of the studies have focused mainly on processes occurring in the plant itself. Despite their 
potential importance in tree functioning (Högberg and Read 2006), processes occurring at the 
plant-soil interface have seldom been investigated. 
The plant-soil interface is commonly designated as the rhizosphere, i.e. the portion of soil 
under the influence of plant roots. Plant roots significantly modify the soil around them in 
terms of water and nutrient availability, pH, and microbial activity (Hinsinger et al. 2009) via 
rhizodeposition, i.e. the release of C by plant roots (Lynch and Whipps 1990). Quantitatively, 
rhizodeposition is a major component of the C balance of trees: it is estimated that between 
40% and 70% of the assimilated C is transferred to the rhizosphere (Grayston et al. 1997). 
Rhizodeposition strongly stimulates the microbial activity in the vicinity of the roots (Lynch 
and Whipps 1990). In return, microbes in the rhizosphere can have positive effects on plant 
productivity by altering nutrient (particularly nitrogen - N) cycles and/or availability (Van Der 
Heijden et al. 2008). Soil microbial communities can also have negative effects on plant 
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growth, either directly by acting as pathogens, or indirectly by competing with plants for 
nutrient acquisition (Van Der Heijden et al. 2008). Plants and rhizospheric micro-organisms 
tightly interact and highly depend on each other, and therefore plants and soil can be 
considered as a continuous system (Högberg and Read 2006). 
In a context of tree decline, the C balance of trees could be altered (McDowell et al. 
2008; Anderegg et al. 2014). More precisely, the photosynthetic C assimilation could be 
reduced (Anderegg et al. 2014) and/or the C transport by the phloem could be impaired 
(Sevanto et al. 2014). Girdling experiments have shown that interrupting the C transport by 
the phloem prevented rhizodeposition, and therefore limited the resource availability of 
rhizospheric microorganisms (Högberg et al. 2001). Moreover, when the phloem transport is 
impaired by girdling, the stoechiometry of nutrients in the soil is altered: the inorganic N 
concentration increases (Högberg et al. 2007; Weintraub et al. 2007), while the organic C and 
N concentrations decrease (Weintraub et al. 2007; Ekberg et al. 2007; Dannenmann et al. 
2009). As rhizodeposition is a major source of labile C for soil microorganisms (Högberg and 
Read 2006), a diminution of the quantity and/or  a modification of the quality of rhizodeposits 
can result in a decrease of total microbial biomass (Högberg and Högberg 2002; Dannenmann 
et al. 2009) and of the diversity of the microbial community (Schulze et al. 2005; Koranda et 
al. 2011). Moreover, altered rhizodeposition by girdling can lead to a decreased microbial 
activity in the soil (Högberg and Read 2006). The sensitivity of soil microbial communities to 
the quantity and quality of C and N provided by tree roots is therefore highlighted by girdling 
experiments. 
Aside from girdling experiments, the C flux from tree roots to soil micro-organisms can 
be altered by environmental factors. For example Ruehr et al. (2009) showed that in beech 
trees, C transfer to soil micro-organisms was significantly delayed under drought conditions. 
Moreover, it had been hypothesized that during a drought, adult beech trees could decrease 
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the activity of free-living soil microorganisms by reducing the quantity of rhizodeposits 
(Dannenmann et al. 2009). This decreased microbial activity could in return affect the 
nutritional status of the tree, either positively by shifting the competitive balance for N in 
favour of the tree rather than soil microorganisms (Dannenmann et al. 2009), or negatively by 
decreasing the microbial mineralisation activity (Kreuzwieser and Geßler 2010), resulting in 
altered nutrient contents in trees (Sardans et al. 2008a; Sardans et al. 2008b). 
During drought-induced tree declines, a potential impairment of the C transfer to the 
roots and soil might therefore lead to changes in the soil microbial community of the 
rhizosphere, which in turn could affect the nutritional status of the trees. However, the 
relationships between tree decline and the C flux to roots and soil is still very poorly 
documented. The study of a case of unexplained Eucalyptus decline has shown that the 
dimished crown health of the trees was associated with a modification of the soil functional 
diversity, which could indicate an alteration of the chemical composition of rhizodeposits in 
declining trees (Cai et al. 2010). 
In this study, we wondered if the decline of mature beech trees observed at the crown 
level could be related to alterations in the belowground compartment. We investigated two 
aspects of the belowground soil-plant continuum: root-related features (rooting depth, root 
density and root growth), and rhizodeposition-related features (quantity and quality of 
rhizodeposits). More precisely, we asked the following questions: 
(i) Is tree decline associated with altered root features (density and growth)? 
(ii) Can the quantity and/or quality of rhizodeposits be linked with tree decline? 
As rhizodeposition cannot be assessed directly, we relied on several proxies to estimate 
the quantity and the quality of rhizodeposits. Root soluble organic carbon (Marchand 2003), 
rhizospheric soil soluble organic carbon (Haynes and Francis 1993), and microbial biomass 
(Haynes and Francis 1993) were used as proxies of the quantity of rhizodeposits. Bacterial 
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abundances in the rhizospheric soil were used both as a proxy for the quantity of rhizodeposits 
and the quality of rhizodeposits, by discriminating between copiotroph and oligotroph 
bacteria (Dennis et al. 2010). The functional diversity of soil bacteria was used as an indicator 
of the chemical diversity of rhizodeposits (Baudoin et al. 2002). 
 
Material and methods 
Site description and sampling design 
The study was carried out in Fontainebleau state forest, France (48°22’ N, 02°36’ E, 
mean elevation 120 m a.s.l.) during the year 2013. This forest extends over 17, 000 ha, 60 km 
southeast of Paris. The climate is temperate, with a mean annual temperature of 10.6°C and 
mean annual precipitations of 749 mm, well distributed throughout the year (average on the 
1960-2010 period). The study site is a mature, monospecific beech (Fagus sylvatica L.) stand, 
where mean tree age in 2011 was 95 years and dominant height 27 m, showing signs of 
decline since the late 1990’s. Trees were growing on a rather shallow soil (mean depth 0.6 m), 
with a C/N ratio of 18.7 and extractible soil water content of 101 mm. 
Five healthy and five declining trees were selected using the DEPEFEU (DEPErissement 
des FEUillus) protocol (Nageleisen and Goudet 2011), developed by the French National 
Forest Office (Office National des forêts, ONF). These two categories corresponded to trees 
with dense crowns and abundant fine ramification (healthy trees), and with very transparent 
crowns, only one or two main branches remaining and very limited fine ramification 
(declining trees). The soil profile was characterized at the foot of each tree. Two different sets 
of sampling were performed: one for root density and growth measurements, and one for the 
characterization of the biological activity in the rhizopheric soil. 
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Root density and growth 
To assess root density and growth, three ingrowth cores per tree were set up ca. 30 cm 
away from the stem of each tree in January (2013/01/16). The three cores were evenly 
distributed around the stem. The cores were 10 cm in diameter, and 30 cm deep. They were 
divided in three 10 cm thick layers immediately after sampling. The segmented cores were 
placed in a cooler, and brought back to the laboratory for treatment. Within three days from 
the sampling date, roots were separated from the soil by hand and washed in tap water to 
remove as much soil and debris as possible. Roots were separated in three categories: coarse 
roots (more than 5 mm in diameter), medium roots (diameter between 2 mm and 5 mm) and 
fine roots (less than 2 mm in diameter) (Le Goff and Ottorini 2001).The soil was then sieved 
at 2 mm, and put back in place within a week from the sampling date. The roots were freeze-
dried during three days, and weighed for dry weight. In July (2013/07/10) and December 
(2013/12/17), this procedure was repeated in the same ingrowth cores. The roots contained by 
the cores at these two dates therefore grew during the January-July and July-December 
intervals. 
 
Soil sampling for soil microbial activity measurements 
In March (2013/03/22), June (2013/06/18) and November (2013/11/04), two superficial 
rhizospheric soil samples (between 0 and 10cm deep) per tree were taken. Rhizospheric soil 
was defined as the soil that remained adherent to the roots when gently shaken. The two 
samples were taken at diametrically opposed location, ca.30 cm from the stem. The samples 
were brought back to the laboratory in a cooler, and processed during the following week. 
Roots and rhizospheric soil were separated, and the soil samples were sieved at 2mm. The 
sieves were thoroughly rinsed with tap water, and then cleaned with 90% ethanol between 
samples. 
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Microbial biomass and soluble organic C in soil and fine roots 
For soil soluble organic C concentration measurements, rhizospheric soil samples were 
dried for 12 hours at 37°C and finely ground with a ball mill (MM301, Retsch, Germany). 5g 
of soil were extracted with 25 ml of distilled water for 18 hours at 80°C. For soluble organic 
C in roots, root samples were freeze dried for 3 days and ground to fine powder with a ball 
mill (MM301, Retsch, Germany). 0.5 g of root powder were extracted with 15 ml of distilled 
water at 60°C.  
Microbial biomasses were estimated by the C and N content of the microbial community 
from fresh soil samples using the chloroform extraction-fumigation method (Vance et al. 
1987). Briefly, for each soil sample, two 7.5g aliquots were weighted. One of the two aliquots 
was fumigated with chloroform at 25°C, in the dark during 24 h, while the other one was not 
subjected to the fumigation treatment. The organic C of both aliquots was extracted with a 
K2SO4 solution (0.5M). 
The solutions resulting from the extractions described above were filtered on Whatman 
GF/C glass microfiber filters (GE Healthcare, UK). Dissolved organic C and N were analyzed 
in a Total Organic Carbon analyzer (Shimadzu ON-LINE TOC-VCSH with optional TNM-1 , 
Tokyo, Japan). The results were expressed as g of organic C or N per g of dry soil. 
 
Cultivable soil bacteria 
4 g of fresh sieved rhizospheric soil were extracted with 40 ml of phosphate buffer (7.2 g 
NaCl, 2.8 g Na2HPO4, 0.4 g KH2PO4 l
-1
 water, pH 7·2) during 10 minutes at room 
temperature, and shaken at 40 rpm. The resulting solution was centrifuged at 750 rpm during 
10 minutes. Phosphate buffer was then added to the resulting supernatant to obtain 10
-2
 to 10
-5
 
successive dilutions. 100µl of the dilutions from 10
-3
 to 10
-5
 were spread onto agar plates 
(Tryptic Soy Agar, Sigma-Aldrich, France) to estimate the number of cultivable bacteria, 
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quantified as colony-forming units (CFU). Two replicates were prepared for each dilution. 
The agar plates were incubated in the dark at 27°C. CFU were counted two days (fast-
growing bacteria), and ten days (slow-growing bacteria) after inoculation. The results were 
expressed as log CFU per g dry soil. 
 
Soil functional bacterial diversity 
To estimate the functional diversity of the microbial community in the rhizosphere, 
catabolic profiles were established using Biolog Ecoplates
TM
 (Biolog, USA). 150µl of the 10-
3 dilution used for the cultivable bacteria quantification were placed in each well of a Biolog 
Ecoplate
TM
. The plates were incubated in the dark at 27°C, and the color development in the 
wells was followed every 24 hours with a microplate reader (Σ960, Metertech, Taiwan) at 550 
nm. The results were expressed as Average Well Color Development (AWCD), richness (the 
number of wells with color development), Shannon’s diversity index (H) and Shannon’s 
evenness index (E), as described in Zak et al. (1994), Gomez et al. (2006) and Cai et al. 
(2010). 
 
Statistical analysis 
The effect of health status was tested using Student’s t tests. The potential differences 
between sampling dates was tested with pairwise paired Student’s t test. All the statistical 
analyses were performed with R software (http://www.r-project.org/ ). 
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Results 
Soil profiles and soil water content 
The soil profile at the foot of each tree is shown in Table IV.1. The soil profiles of 
healthy trees all corresponded to typical luvisols, ca. 1 m deep. The soil profiles of declining 
trees were more variable, ranging from shallow luvisols (trees 109D and 110D, Table IV.1) to 
deeper ocric podzosols showing a clear chocolate-coloured BPhs horizon above an eluvation 
(E) horizon (Table IV.1). 
 
Root growth 
In January, when ingrowth cores were set up, healthy and declining trees had similar fine 
and coarse root densities, whatever the depth (Figure IV.1). Between 10 and 20 cm deep, 
declining trees had however significantly less medium roots than healthy trees (P<0.05, 
Figure IV.1b). In July and December, there were no medium and coarse roots: only fine roots 
had grown during the time intervals. Between January and July, declining trees produced 
more roots than healthy trees between 0 and 10 cm (P<0.05, Figure IV.1a) and between 20 
and 30 cm (P<0.05, Figure IV.1c). Between July and December, healthy and declining trees 
  Health status 
  Healthy Declining  
  Trees 
D
ep
th
 o
f 
th
e 
h
o
ri
zo
n
s 
(c
m
) 
Horizon 1S 6S 9S 14S 16S 107D 109D 110D 112D 113D pH 
OL 2 2 2 1 1 1 2 1 1 2 3 
OF 5 4 3 2 2 2 3 2 2 3  
OH NA 6 5 NA NA 4 5 4 3 5  
A 14 13 10 12 19 8 10 10 6 12  
BPhs NA NA NA NA NA 20 NA NA 20 25  
E 30 50 82 73 40 45 20 30 40 50  
Bt 80 80 100 88 65 76 35 45 70 80  
II
C 90 90 150 90 80 85 40 50 85 NA 7 
Table IV.1 Depth of the base of the different soil horizons and soil pH at the foot of healthy and declining 
beech trees growing in the Fontainebleau state forest. The absence of some horizons is indicated by NAs. 
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produced the same amount of fine roots, whatever the depth (Figure IV.1). When fine root 
mass at the different depths were added up, healthy and declining trees had similar fine root 
densities in January. Between January and July, declining trees produced more fine roots than 
healthy trees, but between July and December, fine root production was similar in both health 
statuses. 
 
Figure IV.1 Average root mass (in g) of healthy and declining beech trees growing in the Fontainebleau 
state forest (France) in January (at the onset of ingrowth cores), July and December, between 0 and 10 cm 
(a), 10 and 20 cm (b), and 20 and 30 cm (c). The error bars represent standard errors. 
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Soluble organic carbon in soil and roots 
The soluble organic carbon concentration in the soil was not affected by health status 
(Table IV.2). The concentrations in March were significantly higher than in June and 
November (P<0.05). The concentrations were similar in June and November (Table IV.2). 
In roots, the soluble organic carbon concentrations were similar in healthy and declining 
trees (Table IV.2). The soluble organic carbon concentration was increased significantly 
between March and June (P<0.0001), and the concentrations in June and November were 
similar (Table IV.2). 
 
Carbon in the microbial biomass 
Similar amounts of C and N were contained in the microbial biomass of the rhizospheric 
soil of healthy and declining trees whatever the date (Table IV.2). The C content of the 
microbial biomass in November could not be measured due to technical difficulties. The C:N 
ratio of the microbial biomass was similar for healthy and declining trees in March and June 
  Date Healthy trees Declining trees 
Soil soluble organic C (mg g dry soil
-1
) 
March 3.14 ± 0.81 3.72 ± 0.53 
June 2.39 ± 0.12 2.66 ± 0.07 
Novembre 1.93 ± 0.29 2.00 ± 0.19 
Root soluble organic C (mg g dry matter
-1
) 
March 2.08 ± 0.37 1.59 ± 0.10 
June 6.70 ± 1.59 8.01 ± 1.05 
Novembre 7.87 ± 0.87 7.19 ± 1.28 
Microbial biomass C (mg C g dry soil
-1
) 
March 2.64 ± 0.52 2.12 ± 0.31 
June 1.51 ± 0.21 1.12 ± 0.19 
Novembre - - 
Microbial biomass N (mg N g dry soil
-1
) 
March 0.08 ± 0.01 0.07 ± 0.01 
June 0.11 ± 0.01 0.09 ± 0.01 
November 0.05 ± 0.01 0.06 ± 0.01 
C:N ratio of the microbial biomass 
March 33.13 ± 4.33 30.34 ± 1.99 
June 13.63 ± 0.83 12.55 ± 1.28 
November - - 
Table IV.2 Average (± standard errors) soil water content, soil soluble organic carbon, root soluble organic 
carbon and microbial biomass in the rhizospheric soil of healthy and declining beech trees growing in the 
Fontainebleau state forest (France) in March, June and November. 
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(Table IV.2). The C and N content and the C:N ratio of the microbial biomass varied 
significantly between sampling dates. The C content of the microbial biomass significantly 
increased between March and June (P<0.05). The N content of the microbial biomass 
significantly increased between March and June (P<0.05), and then decreased between June 
and November (P<0.001). The C:N content of the microbial biomass significantly decreased 
between March and June (P<0.05). 
Cultivable bacteria counts 
In March and June, healthy and declining trees had similar amounts of fast-growing 
cultivable bacteria in the rhizospheric soil (Figure IV.2a). However, in November, declining 
trees had significantly less fast-growing cultivable bacteria in the rhizospheric soil than 
healthy trees (P<0.05, Figure IV.2a). Healthy trees had similar amounts of fast-growing 
cultivable bacteria in the rhizospheric soil in March and June, and this amount increased in 
November. In declining trees, the amounts of fast-growing cultivable bacteria were the same 
at all dates (Figure IV.2a). Declining trees had less slow-growing bacteria in the rhizospheric 
 
Figure IV.2 Average abundances (in log CFU g soil
-1
) of fast-growing (a) and slow-growing (b) bacteria in 
the rhizospheric soil of healthy (black) and declining (grey) beech trees growing in the Fontainebleau state 
forest (France) in March, June and November. The error bars represent standard errors. 
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soil than healthy trees in March (P<0.01). However, both health statuses had similar amounts 
of slow-growing bacteria in June and November (Figure IV.2b). The amounts of slow-
growing bacteria increased between March and June (P<0.0001), and decreased during the 
second part of the growing season (P<0.0001, Figure IV.2b). 
Functional bacterial diversity 
Declining trees tended to have a lower AWCD in March and June, and a higher AWCD 
in November than healthy trees. This difference was however not statistically significant. 
Nevertheless, the AWCD of the rhizospheric bacterial communities of healthy and declining 
trees had contrasted temporal dynamics (Figure IV.3a). In healthy trees, AWCD decreased 
consistently between March and November, whereas in declining trees, it decreased between 
March and June, and increased between June and November (Figure IV.3a). Shannon’s 
diversity index (H) was not affected by health status, whatever the date (Figure IV.3b). 
Shannon’s diversity index showed small, but significant variation during the growing season: 
 
Figure IV.3 Measures of the functional bacterial diversity in the rhizospheric soil of healthy (black) and 
declining (grey) beech trees growing in the Fontainebleau state forest (France) in March, June and 
November: Average Well Color Development (AWCD, a) and Shannon’s diversity index (H, b). The 
error bars represent standard errors. 
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it decreased between March and June, and increased between June and November (P<0.0001, 
Figure IV.3b). Healthy and declining trees used mainly the same carbon sources, but at 
different intensities (Table IV.2). Carbon sources used by only one of the two health statuses 
were usually some of the least used (Table IV.3). 
 
 
 
 
 
  March   June   November 
Rank Healthy trees Declining trees 
 
Healthy trees Declining trees 
 
Healthy trees Declining trees 
1 E E     E E    I E  
2 G G 
 
 M I 
 
E  F 
3 B F  
 
 D D  
 
F M 
4 I I 
 
 F M 
 
B B 
5 F B  
 
 H H 
 
D I 
6 D D  
 
 I F  
 
L D  
7 M M 
 
 Q L 
 
G G 
8 C N 
 
 A G 
 
M H 
9 H H 
 
 L B  
 
H Q 
10 N L 
 
 N A  
 
A N 
11 U O 
 
 R U 
 
C L 
12 A C 
 
 G Q 
 
N C  
13 L U 
 
 C N 
 
K R 
14 J J 
 
 B R 
 
U A 
15 O A 
 
 U C  
  
K 
16 S P 
 
 K 
   
U 
17 Q 
  
 P 
   
T 
18 P 
      
O 
19 
       
P 
20               S 
Table IV.3 Ranks of used carbon sources in healthy and declining beech trees growing in the Fontainebleau state forest 
(France). A carbon source is considered significantly used when its average color development is above 0.25. Green 
indicates carbon sources for which healthy and declining trees share the same rank. Yellow indicates a carbon sources 
that are used by both healthy and declining trees, but at different ranks. Red indicates that carbon sources used only by 
one of the two health statuses. Each letter represents a carbon source. A list of the carbon sources corresponding to 
each letter is available in the supplementary data (Table IV.A1). 
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Discussion 
Soil types 
The soil profiles under healthy and declining trees are typical of the evolution of soils 
formed on stampian sands enriched in fine particles in this area (Robin 1990). The coarse 
texture of this substrate favours nutrient leaching. Moreover, the beech litter promotes the 
podzolisation process on this substrate by producing massive amounts of soluble organic 
compounds that alter the structure of clay (Duchaufour 1977; Robin 1993). Due to the nature 
of clay minerals in Fontainebleau, this alteration releases Fe
3+
 and Al
3+
 ions. The strong 
spatial variability of soil profiles on this type of substrate has been shown to be related to the 
depth of a limestone layer beneath the stampian sand: soils show less signs of podzolisation 
where the limestone layer is closest to the soil surface (Robin 1990). 
 
Root densities and growth 
The majority of the fine root mass was found in the upper 10 cm of soil, which is 
coherent with previous observations (Mainiero and Kazda 2006). These superficial roots have 
been shown to be of particular importance in response to drought. Indeed, they enable rapid 
water transport when the soil is wet, but disconnect the tree from the driest soil patched when 
drought-induced embolism develops (Alder et al. 1996; Martı́nez-Vilalta et al. 2002). 
Initial fine root densities were not significantly affected by tree decline (Figure IV.1). 
This finding is coherent with results obtained on beech, which showed that the size of the fine 
root system is only weakly influenced by soil fertility and acidity (Leuschner et al. 2004). 
Therefore, even if the soil profiles under healthy and declining trees are different (Table 
IV.1), these differences probably had no effect on fine root densities. Declining trees had 
however no medium roots between 10 and 20 cm below the surface in January (Figure IV.1b). 
This absence could be related to the presence of a BPhs horizon at these depths under some of 
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the declining trees (Table IV.1). Indeed, an accumulation of Al and Fe ions is typically 
observed in BPhs horizons (Duchaufour 1977). In large quantities, these ions are toxic for 
plant roots, negatively affecting root growth and function (Oleksyn et al. 1996; Kochian et al. 
2005). Therefore, it can be hypothesized that the adverse soil properties between 10 and 20 
cm deep under declining trees hindered the exploration of this layer of soil by tree roots. 
During the first half of the year, declining trees produced more fine roots than healthy 
trees in the 0-10 and 20-30 cm layers (Table IV.1). An increased root production in the humic 
layer was also observed in Picea abies growing on acidic soils, with fine roots productions in 
acidic soils being twice those of less acidic soils (Jentschke et al. 2001). In Picea abies 
however, root growth decreased lower in the profile (Jentschke et al. 2001), which contradicts 
our observations. Stronger root growth has been associated in beech to more acidic topsoil pH 
(Leuschner and Hertel 2003). This enhanced root growth in acidic and nutrient poor sites can 
be interpreted as a response to low nutrient availability in soils with a low biological activity 
(Vogt et al. 1995). This relation cannot however explain the stronger fine root growth we 
observed in declining trees, as topsoil pH are similar in healthy and declining trees (Data not 
shown). Nevertheless, fine root production and turnover has been suggested to be a sensitive 
indicator of changing soil environments (Leuschner and Hertel 2003). The enhanced fine root 
growth of declining trees during the first part of the growing season could therefore reflect 
differences in soil properties (for example in terms of nutrient availability) under healthy and 
declining trees. These differences need to be further investigated in the near future. 
 
Quantity and quality of rhizodeposits 
Due to the complex nature of the soil environment, the quantity and quality of 
rhizodeposits cannot be assessed directly. Therefore, different proxies were used to study 
these variables. Root exudation was estimated by the root soluble organic content (Marchand 
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2003). Exudates are however not the only source of rhizodeposits: mucilage and sloughed-off 
cells and tissue from living roots, and soluble lysates and volatile compounds from damaged 
cells are also significant contributors of rhizodeposition (Hirsch et al. 2013). Moreover, the 
influence of root exudates on the microbial community of the rhizosphere is probably limited 
to a small spatiotemporal window (Hirsch et al. 2013). To estimate the importance of the C 
flux from tree roots to the soil, it is therefore necessary to take into account the other sources 
of rhizodeposits. As rhizodeposition is a major source of substrates for the microorganisms in 
the rhizosphere (Lynch and Whipps 1990), indicators of microbial abundances can be used as 
a proxy for the quantity of rhizodeposits. The microbial biomass as estimated with the 
extraction-fumigation technique is one such indicator (Vance et al. 1987). The microbial 
biomass in the rhizospheric soil of healthy and declining trees was similar (Table IV.2). This 
first indicator therefore suggests that the rhizodeposition of healthy and declining trees is 
quantitatively similar. This result is further confirmed by the similar soluble organic C 
concentrations in the rhizospheric soil of healthy and declining trees (Table IV.2). Indeed, the 
soluble organic C in the rhizospheric soil is mainly of microbial origin, and is considered as 
an indicator of the quantity of rhizodeposits (Haynes and Francis 1993). The abundance of 
cultivable bacteria can also be used as an indicator of the quantity, but also of the quality of 
rhizodeposits (Dennis et al. 2010). In March declining trees had less slow-growing bacteria 
than healthy ones, and the same observation was made in November for fast-growing bacteria 
(Figure IV.2). These differences could suggest slight differences in the quantity and/or 
composition of rhizodeposits during periods of low C transfer by the tree to the soil (Epron et 
al. 2011). The composition of rhizodeposits can further be investigated through catabolic 
profiles of the microbial community (Grayston and Campbell 1996; Baudoin et al. 2002). The 
overall catabolic activity (AWCD) of the bacterial community of the rhizospheric soil 
obtained with Biolog Ecoplates
®
 tended to be lower in declining trees in March and June, and 
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higher in November compared to healthy trees. This resulted in a contrasted seasonal 
evolution in healthy and declining trees (Figure IV.3a). The decreased bacterial activity in the 
rhizospheric soil of declining trees could be related to different environmental conditions in 
the soil under trees of contrasted health status. Indeed, the thinner canopies of declining trees 
allow higher irradiance levels to reach the ground. This could lead to a greater variability of 
soil temperature and/or water availability in the vicinity of declining trees, particularly during 
the summer months, contributing to a decreased biological activity in the rhizosphere of 
declining trees. Contrarily to observations made in Eucalyptus (Cai et al. 2010), this different 
microbial activity was however not associated with different Shannon’s diversity indexes 
(Figure IV.3b), and the bacterial communities in the rhizosphere of healthy and declining 
trees used mainly the same substrates (Table IV.3). The functional diversity of the 
rhizospheric bacterial communities was therefore not related to tree decline, and the 
composition of the rhizodeposits of healthy and declining trees is likely to be mostly similar. 
Overall, the proxies of the quality and the quantity of rhizodeposits indicate no difference 
in the quality and quantity of rhizodeposits in healthy and declining trees. The seasonal 
variations of the quantity and quality of rhizodeposition are therefore stronger than the 
variations induced by the health status of the trees. This is in agreement with results from a 
girdling experiment, that showed that the phenological variations of rhizodeposition were 
stronger than those induced by limiting the C flux to roots and soil by girdling in beech 
(Rasche et al. 2011). Indeed, during a girdling experiment, the impaired phloem transport 
caused less variations of the phylogenetic composition of archeal and bacterial communities 
than the seasonal variation of rhizodeposition (Rasche et al. 2011). 
In the case of decline studied, the C flux to roots and soil does not seem to be impaired in 
the reported case of tree decline. On the contrary, the C flux to roots seems to be slightly 
increased in declining trees during the first half of the year, as indicated by the fine root 
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growth data. However, root growth and rhizodeposition were estimated locally. Healthy and 
declining trees could thus display different spatial patterns of root growth and/or 
rhizodeposition undetected in this study. 
Many environmental factors influence the rhizodeposition, both qualitatively and 
quantitatively. Among those factors, some nutrient deficiencies of the tree (particularly iron 
and phosphate) are known to increase rhizodeposition (Ryan et al. 2001; Hirsch et al. 2013). 
We hypothesized that the increased root growth of declining trees could indicate a lower 
nutrient availability in the rhizospheric soil of declining trees. As the rhizodeposition of 
healthy and declining trees is quantitatively similar, it can be hypothesized that the potentially 
limited nutrient availability does not result in stress-inducing deficiencies in declining trees 
compared to healthy ones. Nevertheless, this aspect of tree decline needs to be further 
investigated, as nutrient imbalances (for example N, Mg, Ca and K) have been associated in 
the past to tree decline cases (Schulze 1989; Aber et al. 1998). This is particularly relevant 
regarding the soil type difference between healthy and declining trees. Indeed, podzolic soils 
tend to have lower base cations contents than luvisols (Robin 2005). Mineral nutrition might 
however not be a decisive triggering factor, but rather a predisposing factor interacting with 
other environmental conditions such as droughts (Becker and Levy 1988). 
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Carbon source Corresponding letter 
β-methyl-D-glucoside A 
D-galactonic acid γ lactone B 
L-arginine C 
Pyruvic acid Methyl ester D 
D-galacturonic acid E 
L-asparagine F 
Tween 40 G 
Tween 80 H 
D-mannitol I 
2-hydroxy benzoic acid J 
4-hydroxy benzoic acid K 
L-serine L 
N-acetyl-D-glucosamide M 
D-glucosaminic acid N 
Itaconic acid O 
Glycyl-L-glutamic acid P 
D-cellobiose Q 
Glucose-1-phosphate R 
α-D-lactose S 
D,L-α-glycerol phosphate T 
Putrescine U 
I-erythritol 
 
L-phenylalanine 
 
α-cyclodextrine 
 
γ-hydroxybutyric acid 
 
L-threonine 
 
Glycogen 
 
α-ketobutyric acid 
 
Phenylethyl-amine 
 
D-malic acid 
 
D-xylose   
Table IV.A1 List of the individual carbon sources of an Ecoplate
®
, with the corresponding letters 
used in table IV.3. No letter was attributed to the substrates that were not significantly used in the 
study. 
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Au cours de ce travail, nous avons documenté les mécanismes fonctionnels sous-jacents à 
un dépérissement à long terme de hêtres adultes en forêt de Fontainebleau. Ce dépérissement 
est lié à des sécheresses répétées, probablement en association avec des conditions édaphiques 
défavorables (Chapitre IV). Le dépérissement a ici été étudié en dehors de fortes contraintes. 
Ce sont donc des arrières-effets de stress passés qui ont été étudiés. 
Dans la littérature, un manque de substrats carbonés disponibles pour le métabolisme 
et/ou un dysfonctionnement du système hydraulique sont les deux principaux mécanismes 
fonctionnels avancés pour expliquer les dépérissements et la mortalité liés à des stress 
hydriques (McDowell et al. 2008). Si une abondante littérature s’est récemment développée 
sur le sujet, elle s’est néanmoins essentiellement concentrée sur les conséquences à court et 
moyen termes de sécheresses sur le fonctionnement des arbres. Les arrières effets à long 
terme de sécheresses répétées sont par conséquent mal connus. De plus, le rôle potentiel 
d’autres aspects importants du fonctionnement des arbres lors d’un dépérissement restent 
jusqu’ici inexplorés, comme par exemple celui des réserves azotés et du flux de carbone vers 
les racines et le sol. Afin de mieux comprendre les mécanismes fonctionnels sous-jacents aux 
dépérissements à long terme, nous avons choisi d’adopter une approche intégrant les aspects 
hydraulique, carboné et azoté du fonctionnement du système arbre-sol. L’étude s’est déroulée 
sur trois années (2011, 2012 et 2013), dont une (2011) a présenté un stress hydrique modéré 
au printemps. Les principaux résultats obtenus sont résumés dans la figure V.1. 
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En dehors de fortes contraintes, l’état hydrique et le fonctionnement hydraulique des 
arbres sains et dépérissants sont similaires (Chapitre II). De même, les concentrations et les 
dynamiques des réserves azotées ainsi que la respiration d’entretien ne sont pas affectées par 
 
Figure V.1 Représentation schématique des aspects du fonctionnement du système arbre-sol documentés 
au cours de ce travail. Les variables étudiées sont en gras, et les aspects novateurs par rapport à la 
littérature existante sont en gras et italique. Les flèches en pointillé indiquent les transferts dans le système 
arbre-sol, et les flèches noires indiquent les principaux points de couplage discutés dans ce travail. 
Absorption de N et 
autres minéraux
Branches
Feuilles
Tronc
Racines
Sol
eau carbone
Transpiration
Vulnérabilité à la cavitation →
Embolies natives →
Potentiels de base →
Absorption d’eau
Disponibilité en eau
Croissance ↗
Densités →
Croissance radiale annuelle ↘
Dynamique inter-annuelle ↘
[Sucres solubles] 
après stress modéré ↘
Respiration d’entretien →
[amidon et TNSC] 
après stress modéré ↘
Microorganismes →
Rhizodéposition →
Fonctionnement foliaire →
Parenchyme ligneux ↗
% N →
Disponibilité 
en minéraux
[Réserves N] →
[Réserves N] →
azote
[Réserves N] →
Potentiels minimums →
→ variable similaire pour les arbres sains et dépérissants
↗ variable plus forte chez les arbres dépérissants que chez les arbres sains
↘ variable plus faible chez les arbres dépérissants que chez les arbres sains
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le statut sanitaire de l’arbre (Chapitres II et III). En revanche, la croissance radiale des arbres 
dépérissants est plus faible, présente une variation interannuelle diminuée et une dynamique 
intra-annuelle modifiée par rapport à celles des arbres sains (Chapitre II). Parallèlement à 
cette croissance radiale diminuée, on observe une croissance racinaire plus rapide chez les 
arbres dépérissants durant la première moitié de l’année, associée à des sols globalement plus 
podzolisés au pied des arbres dépérissants. La quantité et la qualité des rhizodépots ne 
semblent par contre pas varier en fonction du statut sanitaire de l’arbre (Chapitre IV). Les 
teneurs en réserves carbonées des arbres dépérissants sont diminuées (particulièrement dans 
les branches fines) par rapport à celles des arbres sains après une contrainte hydrique 
modérée, mais montrent leur capacité de résilience en remontant à des niveaux similaires à 
ceux des arbres sains après une année favorable (Chapitres II et III). Dans le xylème, on 
observe chez les arbres dépérissants une augmentation de la proportion de tissus de stockage 
(parenchyme ligneux), associée à une modification de la structure des rayons ligneux 
(Chapitre III). 
 
En conditions non contraignantes, le fonctionnement des arbres dépérissants à 
l’échelle de l’organe semble peu modifié par rapport à celui des sains, à l’exception de la 
nette diminution de la croissance radiale du tronc. Une croissance radiale réduite avait 
déjà été rapportée sur les arbres dépérissants de la parcelle étudiée (Silva 2010). Cette 
observation est cohérente avec la littérature : lors d’événements de dépérissement ou de 
mortalité, une diminution de la croissance radiale est en effet une caractéristique souvent 
associée à l’apparition à plus ou moins long terme de symptômes de dépérissements et/ou à 
une augmentation de la probabilité de mourir de l’arbre (Torelli et al. 1986; Jenkins and 
Pallardy 1995; Pedersen 1998; Demchik and Sharpe 2000; Amoroso et al. 2012). Quelques 
exceptions sont cependant rapportées dans la littérature. Ainsi, sur un site de sapins pectinés 
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(Abies alba Mill.) dépérissants, il a été observé que les arbres dépérissants avaient des taux de 
croissance plus forts que les arbres sains (Cailleret et al. 2013). 
Plusieurs facteurs pourraient expliquer une diminution de croissance radiale. 
Premièrement, l’état hydrique des arbres dépérissants pourrait être à l’origine d’une 
limitation directe de la croissance radiale. En effet, une limitation de la disponibilité en eau 
peu induire une diminution de la pression de turgescence (Hsiao 1973), ce qui affecte 
négativement le processus d’expansion cellulaire (Hsiao 1973; Zweifel et al. 2006). Dans 
notre cas, il semble peu probable que des facteurs hydriques expliquent la croissance radiale 
plus faible des arbres dépérissants par rapport à celle des arbres sains. En effet, les mesures de 
potentiels de base et de potentiels minimum montrent qu’en dehors de périodes de stress, la 
contrainte hydrique subie par les arbres sains et dépérissants semble similaire. 
Une carence en azote peut également être avancée pour expliquer la diminution de 
croissance des arbres dépérissants. L’azote peut en effet imposer une limitation directe à la 
croissance des arbres (Morot-Gaudry 1997). Bien que nous n’ayons pas spécifiquement 
documenté l’état de nutrition azotée de nos arbres, les concentrations et dynamiques similaires 
des réserves azotées, associées aux proportions semblables en azote des feuilles de lumière ne 
semblent pas indiquer de carence azotée. Néanmoins, des résultats complémentaires obtenus 
au printemps 2015 font apparaitre un contenu en azote plus faible dans la biomasse 
microbienne du sol rhizosphérique des arbres dépérissants. Ce résultat, en contraste avec ceux 
obtenus au cours de l’année 2013, suggère une plus faible disponibilité de l’azote dans sol 
rhizosphérique des arbres dépérissants. En effet, le contenu en azote de la biomasse 
microbienne est lié au contenu en azote des substrats disponibles pour les micro-organismes 
(Wardle 1998). De plus, des sols podzolisés, dans lesquels l’azote est un élément 
particulièrement limitant (Tamm and Pettersson 1969), ont été mis en évidence au pied des 
arbres dépérissants. Une plus faible disponibilité de l’azote dans le sol rhizosphérique des 
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arbres dépérissants serait par ailleurs cohérente avec les croissances racinaires plus fortes des 
arbres dépérissants durant la première moitié de l’année. 
La croissance réduite des arbres dépérissants pourrait être également liée à une 
modification de l’allocation du carbone à l’échelle de l’individu. En effet, des expériences 
de défoliation ont montré que lors de stress, l’allocation du carbone au réserves pourrait se 
trouver priorisée par rapport à la croissance (Wiley et al. 2013; Saffell et al. 2014). Cette 
priorisation des réserves par rapport à la croissance pourrait favoriser la survie des arbres à 
des stress plus sévères et/ou plus prolongés (Wiley et al. 2013). Récemment, une telle 
priorisation de la formation de réserves carbonées par rapport à la croissance a également été 
mise en évidence en conditions de sécheresse sévère à mise en place progressive chez des 
jeunes sapins (Hartmann et al. 2015). Une des caractéristiques marquantes des arbres 
dépérissants étudiés par rapport aux arbres sains est la plus faible réponse de leur croissance 
radiale aux variations interannuelles de climat, à laquelle s’ajoute la résilience de leurs 
réserves carbonées au cours de l’année 2012 (Figure V.2). Chez les arbres dépérissants, le 
remplissage saisonnier des réserves (particulièrement dans les organes de remobilisation 
à faible distance comme les branches fines) répond donc de manière plus forte aux 
variations interannuelles de climat que la croissance radiale du tronc. L’inverse est 
observé chez les arbres sains. On peut donc se demander si, chez les arbres dépérissants, la 
formation de réserves pourrait se trouver priorisée par rapport à la croissance radiale. Cette 
priorisation pourrait se faire soit par une régulation directe de la formation de réserves, soit 
via une régulation de la croissance radiale (Dietze et al. 2014). 
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La résilience des réserves carbonées dans les branches fines des arbres dépérissants 
pourrait par ailleurs avoir des implications en matière de fonctionnement hydraulique. 
En effet, le maintien de concentrations suffisantes en réserves carbonées pourrait être 
important pour assurer la régulation osmotique de la sève brute (Sevanto et al. 2014). La 
récupération observée des réserves carbonées dans les branches des arbres dépérissants est 
rendue possible grâce à l’alternance entre années contraignantes et années favorables. On peut 
alors se demander si, en cas de sécheresses plus sévères ou répétées, les concentrations en 
réserves carbonées des arbres dépérissants pourraient passer sous un seuil problématique, par 
exemple en-dessous duquel la régulation osmotique de la sève brute ne peut plus être assurée. 
Malgré leurs caractéristiques hydrauliques similaires à celles des arbres sains (Chapitre II), les 
branches des arbres dépérissants pourraient alors présenter des taux d’embolie problématiques 
 
Figure V.2 Variations de l’incrément annuel en surface du tronc (Basal Area Increment, BAI) et du 
remplissage saisonnier des réserves carbonées dans le xylème du tronc (∆ TNSC) en 2011 et 2012 chez 
des hêtres sains et dépérissants matures en forêt de Fontainebleau. 
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pour le fonctionnement de l’arbre plus rapidement que les branches des arbres sains en cas de 
sécheresse sévère ou répétée. Par ailleurs, Lemoine et al. (2002) ont montré chez le hêtre une 
forte variabilité de l’architecture hydraulique au sein des houppiers, liée à la position des 
branches dans le houppier et à leur exposition lumineuse : les branches les plus haut situées et 
les plus exposées à la lumière présentent ainsi une conductivité hydraulique spécifique et une 
résistance à la cavitation plus élevées (Lemoine et al. 2002). La forte mortalité de branches 
fines que nous avons observée dans la partie supérieure du houppier des arbres dépérissants 
modifie l’exposition à la lumière des branches restantes, et conduit à une descente de cime 
progressive. Il serait donc intéressant de quantifier la variabilité des caractéristiques 
hydrauliques des branches au sein des houppiers des arbres sains et dépérissants. 
 
De manière plus générale, le dépérissement pourrait impacter la proportion du carbone 
assimilé alloué aux grandes fonctions de l’arbre. En effet, les arbres dépérissants présentent 
une surface foliaire totale très réduite, et des caractéristiques foliaires semblables à celles des 
arbres sains. Par conséquent, l’assimilation totale de carbone à l’échelle de l’arbre se trouve 
probablement diminuée chez les arbres dépérissants, comme cela a déjà été montré chez des 
peupliers (Anderegg et al. 2014). Or, il apparait dans nos résultats que certains puits de 
carbone ne semblent pas diminués par le dépérissement. Ainsi, la respiration d’entretien par 
unité de surface de tronc n’est pas affectée par le dépérissement, et les troncs des arbres sains 
et dépérissants sont de taille comparable. Il est donc probable que la respiration d’entretien à 
l’échelle des troncs entiers soit quantitativement similaire chez les arbres sains et dépérissants. 
De même, la rhizodéposition ne semble pas affectées par le dépérissement, et la croissance 
des racines fines des arbres dépérissants est augmentée par rapport à celle des sains. On peut 
donc se demander si, à l’échelle de l’arbre, la proportion du carbone assimilé allouée à 
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toutes ces fonctions ne pourrait pas être plus grande chez les arbres dépérissants, 
réduisant alors la proportion de carbone alloué à la croissance radiale du tronc. 
Dans cette perspective, la croissance radiale pourrait être considérée comme la 
principale variable d’ajustement à long terme des arbres dépérissants à une assimilation 
réduite de carbone. La réduction des coûts carbonés liés à la croissance radiale du tronc 
passerait alors à la fois par une diminution de la quantité de bois formé (Figure V.2), mais 
également par une diminution de la respiration de croissance, comme le montrent des mesures 
effectuées en juin 2011 (Figure V.3). Cette plus faible respiration de croissance est due à la 
plus faible vitesse de croissance des arbres dépérissants (Ceschia et al. 2002) : en 2011, la 
respiration de croissance et la vitesse de croissance (maximale au moment des mesures 
présentées en Figure V.3) sont toutes les deux divisées par un facteur de 1.5.  
 
 
Figure V.3 Respiration de croissance des troncs de hêtres sains et dépérissants poussant en forêt de 
Fontainebleau en juin 2011, à 16°C. Les barres d’erreurs représentent les 5e et 95e percentiles. 
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Sur la base d’estimations de l’incrément en biomasse et en réserves carbonées à l’échelle 
de l’arbre entier, des travaux précédents sur un dépérissement de hêtres dans le nord-est de la 
France avaient également suggéré que dans un dépérissement de hêtres matures, la croissance 
était la variable d’ajustement à une assimilation réduite de carbone (Genet 2009). Pour 
confirmer cette hypothèse chez nos arbres, il sera nécessaire de calculer un bilan de carbone à 
l’échelle de l’arbre entier pour les arbres sains et dépérissants. Par ailleurs, il faut ici signaler 
que la reproduction et la synthèse de composés de défense, deux puits de carbone 
potentiellement importants dans la plante n’ont pas été évalués, ce qui limite d’autant plus 
l’extrapolation de nos résultats à l’échelle de l’arbre. Une approche de modélisation basée sur 
les processus, comme par exemple avec le modèle CASTANEA développé au sein de 
l’équipe Ecophysiologie Végétale du laboratoire « Ecologie, Systématique et Evolution », 
permettrait de tester certaines de ces hypothèses de modification de l’allocation du carbone à 
l’échelle de l’arbre et leurs implications à long terme sur la survie de l’arbre. 
 
L’étude des largeurs de cernes menée par Silva (2010) sur la parcelle étudiée au cours de 
ce travail montre que la diminution de la croissance radiale des arbres actuellement 
dépérissants n’est pas un phénomène récent, puisqu’elle commence après la sécheresse de 
l’année 1959. Cette diminution de croissance radiale pourrait impacter le fonctionnement des 
arbres dépérissants, notamment du point de vue hydraulique. En effet, bien qu’à l’échelle des 
branches les caractéristiques hydrauliques des arbres sains et dépérissants soient similaires 
(Chapitre II), une telle diminution de la croissance radiale du tronc à long terme pourrait 
modifier la capacité des arbres dépérissants à assurer un transport d’eau suffisant, en réduisant 
la surface conductrice dans le tronc. Face à une capacité de conduction de l’eau dans le tronc 
diminuée, les arbres dépérissants ajusteraient alors leur surface transpirante (Bréda et al. 
2006), conduisant à la détérioration observée de l’état du houppier. Pour explorer cette 
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hypothèse, il serait intéressant de connaitre l’évolution des flux de sève à différentes 
profondeurs dans le tronc et différentes hauteurs dans le houppier chez les arbres sains et 
dépérissants. 
 
Par ailleurs, on peut se demander si la réduction de croissance observée 
s’accompagne d’une modification des caractéristiques fonctionnelles du bois. Dans le 
chapitre III, une augmentation de la proportion de parenchyme ligneux, associées à une 
modification de la forme des rayons ligneux, a été mise en évidence. L’impact fonctionnel de 
cette anatomie du bois modifiée reste à explorer. En effet, les rayons ligneux sont dans le 
xylème le lieu de stockage des réserves (Tromp 1983), et pourraient également avoir un rôle 
dans le maintien de l’intégrité du système hydraulique (Spicer 2014). Il reste à déterminer à 
quel moment dans l’histoire du dépérissement la différence de proportion de parenchyme et 
de forme des rayons ligneux s’est mise en place : précède-t-elle la diminution de croissance, 
ou bien est-elle ultérieure ? Plus largement, l’étude de caractéristiques anatomiques 
fonctionnelles dans les cernes, et en particulier de traits reliés au fonctionnement hydraulique 
(diamètre et épaisseur des parois des vaisseaux de xylème par exemple) en plus des 
caractéristiques liées au parenchyme ligneux nous permettrait d’affiner notre connaissance de 
l’histoire de la mise en place des symptômes de dépérissement de manière rétrospective. 
 
De plus, des mesures effectuées au niveau du sol suggèrent un lien potentiel entre une 
plus faible disponibilité en nutriments dans le sol et le dépérissement (Chapitre IV). Les 
communautés microbiennes ont une influence sur la disponibilité des minéraux dans le sol 
(Van Der Heijden et al. 2008). Dans ce travail, la diversité fonctionnelle globale des bactéries 
de la rhizosphère a été documentée. Il serait intéressant dans le futur d’étudier plus 
précisément certains éléments de cette diversité fonctionnelle, notamment en ciblant la 
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diversité des bactéries spécifiques du cycle de l'azote. En outre, une étude actuellement en 
cours sur la structure des communautés microbiennes devrait nous permettre d’avoir une 
vision plus globale de la composition de ces communautés en prenant en compte les bactéries, 
les champignons et les archées. 
La question de la nutrition minérale chez les arbres sains et dépérissants mériterait d’être 
approfondie dans le futur, notamment par des dosages d’éléments minéraux ayant dans le 
passé été liés à des dépérissements. Ainsi, des carences en calcium, magnésium, potassium, 
fer ou manganèse ont été documentées lors de la vague de dépérissement des années 1970-
1980 (Schulze 1989). De plus, une toxicité liée à la présence de trop fortes concentrations en 
ions Al
3+
 a également été suspectée dans des cas précédents de dépérissement dans les années 
1970-1980 (Godbold et al. 1988; Schulze 1989), mais également dans des cas de 
dépérissements plus récents (Genet 2009). L’implication actuelle de la nutrition minérale dans 
le dépérissement étudié ici pourrait être abordée en mesurant les concentrations des éléments 
minéraux d’intérêt dans le sol et différents organes des arbres sains et dépérissants (racines et 
feuilles en particulier). Comme pour les caractéristiques anatomiques fonctionnelles, il serait 
particulièrement intéressant de développer une approche rétrospective de la nutrition minérale 
des arbres sains et dépérissants en dosant les minéraux d’intérêt dans les cernes. Si cette 
approche est valable pour l’aluminium (Penninckx et al. 2001),  des études précédentes ont en 
revanche montré que la composition en éléments minéraux des cernes de hêtres n’était pas un 
bon indicateur de la composition chimique de la solution du sol pour le calcium, le potassium 
et le magnésium en raison de processus internes de remobilisation (Herbauts et al. 2002). On 
peut néanmoins de demander si les cycles internes de ces minéraux sont modifiés par le 
dépérissement, par exemple via une altération des transferts radiaux dans les rayons ligneux. 
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En conclusion, dans le cadre du dépérissement à long terme de hêtres étudié, les 
principales différences fonctionnelles mises en évidence sont des modifications des 
dynamiques saisonnières et interannuelles de la croissance radiale du tronc et des réserves 
carbonées dans les  branches. Pour mieux comprendre les implications fonctionnelles de ces 
différences, il serait important de transposer les résultats obtenus au cours de ce travail à 
l’échelle de l’arbre entier. Pour cela, une étape de biométrie sera indispensable, aucune 
relation allométrique valable n’étant disponible pour les arbres dépérissants. Par ailleurs, ce 
travail pourra également être prolongé par une approche dendrochronologique basée des traits 
fonctionnels dans les cernes des arbres sains et dépérissants, permettant d’affiner notre 
compréhension de la mise en place du dépérissement sur le long terme. Une autre piste 
intéressante à développer est l’implication potentielle de divergences fonctionnelles liées à 
l’interface arbre-sol, par exemple en termes de nutrition minérale ou de structure des 
communautés microbiennes rhizosphériques. 
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Abstract 
The cases of forest decline reported in the literature have strongly increased during the 
last decade. This increase seems at least in part attributable to global change. However, the 
ecophysiological mechanisms underlying tree declines remain poorly understood. Two main 
hypotheses initially emerged from the recent literature: a deficit of carbon reserve compounds, 
or a failure of the hydraulic system of the tree. These hypotheses are not mutually exclusive, 
nor exhaustive: multiple couplings exist between the carbon and hydraulic functionings, and 
the internal nitrogen cycle of the trees could also be involved in tree decline. The main 
objective of this work was to document the ecophysiological mechanisms underlying a case of 
mature beech (Fagus sylvatica L.) drought-related decline in the Fontainebleau state forest. 
The decline was studied under non extreme climatic conditions. Therefore, we documented 
maily after-effects of past stresses. In this thesis, we developed an approach integrating the 
hydraulic, carbon and nitrogen aspects of functioning of the tree-soil system. The transfer of 
carbon compounds from tree roots to soil via the rhizodeposition process was also taken into 
account. Under non-stressful conditions, the functioning of healthy and declining trees is 
similar at the organ level, apart from a decreased stem radial growth in declining trees. In the 
trunk, radial growth thus appears to be the “adjustment variable” of declining trees in 
response to a lower whole-tree carbon assimilation due to their severely thinned crowns. Our 
results show that after a moderate hydric constraint, declining trees show a carbon reserve 
deficit in some organs compared to healthy trees. This deficit is compensated after a 
favourable year. A high resilience of carbon reserve concentrations could explain the ability 
of declining trees to survive for several years with a strongly reduced whole-tree leaf area. 
Healthy and declining trees presented different parenchyma ray proportions and structures in 
the stem xylem. Therefore, it could be interesting to study functional anatomical features in 
the future. Besides, tree rings characteristics could offer an insightful retrospective view of the 
history of this decline. Furthermore, an ongoing study on the structure of the microbial 
communities in the rhizosphere of healthy and declining trees will improve our knowledge 
about the impact of tree decline on the tree-soil interactions. 
Key words: tree decline, Fagus sylvatica, hydraulic functioning, carbon functioning, 
internal nitrogen cycling, tree-soil interface 
  
  
Résumé 
Les dépérissements forestiers rapportés dans la littérature ont fortement augmenté durant 
la dernière décennie. Si cette augmentation semble attribuable au moins en partie aux 
changements globaux, les mécanismes écophysiologiques sous jacents restent encore mal 
connus. La littérature sur ce sujet a initialement permis de dégager deux principales 
hypothèses sur les mécanismes fonctionnels à l’œuvre lors d’un dépérissement : un manque 
de réserves carbonées et un dysfonctionnement du système hydraulique. Ces deux hypothèses 
ne sont pas mutuellement exclusives, ni exhaustives : les fonctionnements carboné et 
hydraulique interagissent à de multiples niveaux, et une implication du cycle interne de 
l’azote n’est pas à exclure. L’objectif principal de cette thèse est de documenter les 
mécanismes écophysiologiques à l’œuvre dans un dépérissement de hêtres (Fagus sylvatica 
L.) matures en forêt de Fontainebleau, lié principalement à des sécheresses répétées. Le 
dépérissement a ici été étudié en dehors de fortes contraintes climatiques. Ce sont donc 
majoritairement des arrières-effets de stress passés qui ont été renseignés. Au cours de ce 
travail, une approche intégrant des aspects hydraulique, carboné et azoté du fonctionnement 
du système arbre-sol a été adoptée afin de développer une vision intégrée de l’impact du 
dépérissement sur les grandes fonctions de l’arbre. Le transfert de composés de l’arbre vers le 
sol via la rhizodéposition a également été pris en compte. En dehors de périodes de stress, le 
fonctionnement des arbres sains et dépérissants à l’échelle de l’organe est similaire, à 
l’exception d’une diminution de la croissance radiale du tronc chez les arbres dépérissants. Au 
niveau du tronc, la croissance radiale apparait donc comme la variable d’ajustement des 
arbres dépérissants à une assimilation de carbone diminuée du fait de la détérioration de l’état 
de santé du houppier. Suite à une contrainte hydrique modérée, les arbres dépérissants 
présentent un déficit en réserves carbonées par rapport aux arbres sains dans certains organes. 
Ce déficit se trouve compensé après une année favorable. Une forte résilience des 
concentrations en réserves carbonées pourrait expliquer la capacité des arbres dépérissants à 
survivre de nombreuses années avec un houppier très endommagé. Des différences de 
proportion et de structure des rayons ligneux détectées entre les arbres sains et dépérissants 
laissent entrevoir l’intérêt qu’aurait dans le futur l’étude de caractéristiques anatomiques 
fonctionnelles dans le xylème. De plus, une approche rétrospective grâce aux cernes 
permettrait d’affiner notre compréhension de la mise en place du dépérissement à long terme. 
Par ailleurs, une étude actuellement en cours sur la structure des communautés microbiennes 
de la rhizosphère devrait permettre de compléter notre connaissance de l’impact du 
dépérissement sur les relations arbre-sol. 
Mots-clef : dépérissement, Fagus sylvatica, fonctionnement hydraulique, fonctionnement 
carboné, cycle interne de l’azote, interface arbre-sol 
